= 


PROC C E E EED I N 1 


- 
= 


“DISCUSSIONS” © 


APPLICATIONS FOR | 


“TRANSFER 


Je 


ii 


Published by the . American | Society of Civil Engineers at its Headquarters, 33 West Thirty- 
_ ninth Street, New York, N. Y., monthly except June and July. Reprints from this foe 
ia publication. May be made on condition that the full title of Paper, name of | : 
Author, page reference, and date of publication by _ the Society, are given. hed 


Entered as Second-Class Matter, December 14, 1879, at the Post Office at New York, N. -Y. Sa: aoe 
- under the Act of March 38, 1879. Acceptance for mailing at special rate of oe pele ee 
provided for in Section 1103, Act of October 3, 1917, on July 5, 1918. 
Subseri 
ption (if entered before 1) $8.00 per annum. Price $1.0 00 per 


, 1931, by the Socrery or ENGINEERS 
Printed in the States of America = 


ae 


— 

rks, — 
— 

a 

— 

— 

| 

— 

— 


CURRENT PAPERS AND DISCUSSION NS” 


Report of the of Engineering Foundation on Arch Dam Investigation . . May, 1928 

4 Discussion . Nov., 1928, Jan., April, May, Aug., 1929, 1980, 

ect of Turbulence on the Registration of Current Yarnell and 


Diseussion (Author’s closure) May, Aug., Sept., Dec., 1980, ‘Apr., 1981 


Relation Between Rail and Waterway Transportation: A Symposium . Mar., 1980 
Discussion (Authors’ closures). April, May, Aug., Sept., Dec., 1980, Jan., Apr., 1981 Closed 


Analysis of Continuous Frames? oy: Distributing Fixed-End Moments. “Hardy Cross. . May, 1980 


Discussion Sept., Oct., Nov., 1930, Jan., Feb., Mar., ‘1981 ‘Uncertat 
Training, Wall Across the Liao Bar in Manchuria P.N.Faweett . . . . May, 1980 

Discussion (Author’ closure) . . Sept., Oct., Dec., Apr., Closed 
as Elements of ‘Fred Lavis. . . . Aug., 1980 

Aspects of Water Conservation. RA r . Sept., 1930 
Construction of La Ola Pipe Line in Chile Saunders . . Sept..1990 Relay 


Tests of Broad- Crested Weirs._ James G. Woodburn . og 1980 
Diseussion . . . Oct., ‘Dec., 1980, Feb., 1981 
Stresses in Gravity Dams Principle of Least Work. F. . . Sept., 1980 
Discussion . 6Sept., Nov., 1980, Jan., Feb., Apr., 1931 May, 191 
“Theory of Similarity and Models. Benjamin F. Groat . 


. Oct., 1980 
Feb., 1931 


. Nov., 1930 


for Rainfall Long Duration. Merrill M. Bernard. 


The: Buttressed Dam of ‘Strength. Herman 


198 


Economical Design of Hydraulic Pipe- Line Dredge. John Francis Cushing. » 1930 
me Highway Location: General b Gilchrist . Nov., 
te Highway Location: Practical Considerations. R. Losh Nov., 1980 


Dec., -» 1930 
, 1981 Aug., If 
19000 
Mar 1981 Aug., If 
1981 Aug., If 
18 

Problems Involved in ‘Establishing Set-Back Lines. Olifton yeh 1981 ‘Aug., 8 
= Eight-Mile Cascade Tunnel, Great Northern Railway: A Symposium. Feb. 1931 ‘Aug, 
Measuring Irrigation Deliveries in the Panjab. E.S. Lindley ....... Feb., = Aug., 


‘Surveys for Swift River tiene the Boston Metropolitan Water ‘Supply. 


Flow of Ground-Water as Applied to Drainage Wells. M. R. ‘Sieid 
«Gravity Dams Down Stream. Lambert . . 


of Water in Tidal Canals. Earl Brown . 


The Don Martin Project. Andre 


; Land Surveys in B. F. Williams. . 


Mar. 1981 


= 
Reloe 
Reloc 
a 
For 
7 


—— 


(TENTS FOR APRIL, 931 
josed 
An Analysis of Multiple- “Skew Arches on E lastic Piers. 
losed By J. Charles Rathbun, M. Am. Soc. C. E. 
Jncertain Of—Rational Run-Off Formulas, a 
By. R L. L. Gregory and a 0. Arnold, Assoc. Members, Am. Soc. 0. B. 
Closed ‘DISCUSSIONS 
May, 


Plastie Flow in Arches, 

By Lorenz G. Straub, Jun. Am. Soc. C. E. 

Relation Between Rail and Waterway Transportation: A 
Mas, Messrs. T. Q. Ashburn, L. D. Cornish, and B. A. Hadley... 


Training ‘Wall Across the Liao Bar in ‘Manchuria, 
a Stresses in Gravity Dams by Principle of Least Work. the,’ 
Relocating Land Surveys in Texas, ake oy. 4 
By Messrs, J. M. Howe, ond Arthur D. Kidder. 671, 


ae 


for Admission and Transfer. following 672 


png 
31 Aus. Wray 


var 


ini 
— 
— 
.—l 


» 


a 


4 


or 
* 


ie 
wet 
— 
= 
> ou 
— 


November 5, 185 1852 


_ 


ASTIC 


RATHBUN;! M. AM. Soc. C. C. 


‘The purpose of this is to ‘the an analysis of the ‘ring of a skew 


arch that was given in a } previous paper? to include skew arches of more than 
one span and, by placing the skew equal ‘to zero, to show how this method 


_ may be applied to the multiple right arch on n elastic piers. In this latter case, 


‘ 
the effect tof ec eccentric loads is brought ‘out by the formulas. 


With the iden of of being consistent with ‘the method of analysis used in the | 

first paper, the simpl method of deflections was retained instead of using — 
0 of the more elegant methods, such as virtual work, or a procedure of a 


similar nature. 


a. In order that this paper may be more complete in itself an 
outline of of the method o} of analysis of the sin 
For: ‘the derivation of the for the of a skew ed canti- 


out agle- -span skew arch will be reviewed 
a ious loads used, ‘teference sh should be made 2 to previous 


riefly. 


formula 3 is also g’ given as a summation of a series of elastic blocks, , the designer 

- dividing the rd in somewhat the same manner bs is customary in designing 


night arches. In this ome, terms due ring-shortening, deforma- 


moment of inertia. the to o the surface may be omitted. 


Except possibly in rings of very unusual ‘sh 


apes, these terms are small, a and 


ing the ing into blocks of finite lengths. In the case of ribbed 


latter term, however, may reach an n appreciable value. — 
discussion on this paper will be closed in 1931, Proceedings. 
ie Associate Prof. of Civ. Eng., Coll. of the City of New York, New York, N.Y. | 


- si 2“Analysis of the Stresses in the Ring of a Concrete Skew Arch,” by J. perenne Rath- _ 


bun, Am. Soc. C. E., Transactions, Am. Soc. C. E., Vol. LXXXVII p. 611. 
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MULTIPLE-SKEW ARCHES ON ELASTIC PIERS Papers 


_ The paper is divided into four parts ; a, 


‘Part IL—Outline of the of the Arch and a description 
of the method of extending it to two or more spans. By placing the 
angle of skew equal to zero, the effect. of -eccentrically placed loads on 
a multiple right arch is found, and the results are summarized briefly. 7 

—Method of Computing the Unit Stresses that occur in the 
concrete, and the reinforcing steel required. ss 
Part III.—Application of the Theory to the Analysis of a Skew 


“Arch with for concentrated loads. of Part TIL. 


notation in the paper is given the formulas for 
in Appendix II, and. those for the two-l singed 


sing pan skew arch ring, in Appendix III. 


It is believ ed that of Part III shou uld make clear the 


of dividing the multiple- skew a arch on elastic | piers into a series of skew canti-_ 


that are determinate structures and can be designed by ‘the ordinary” 


2 methods. The unusual features ial these « computations are given in 1 Part iit, 


— the method of reducing them to the forces, and of reducing moments oe 


ae multiple. “span skew arch bridge will be to be a solution for | the 
ease shown i in tab 1 and rol in which the roadways are pa parallel on both “sides 


of structure the wing-w alls” that are usually used 


“to retain 1 the fill are replaced by approach spans (see ‘Fig g. 2). . These — 
=) not only present : a better : appearance, but they also increase the line of sight | 
in many cases. The extra cost of the > approach ‘span will approximately be 


offset by the s saving in the cost of the wing-walls. 
ring of a skew isa statically indeterminate structure. 


instead of the two that a are used in the right | arch. However, for the 


inary analysis for, dead load, or any other loading in which the funicular 
polygon may be made to follow the arch ring approximately (as viewed in 


the direction ‘parallel to the barrel of the > arch), , and i in which the loads 
placed symmetrically with re respect to : a plane ‘midway between spandrel 5 w valls, 


a section parallel to the spandrels can be used. - The dead load and total | 
niform load usually approximate these requirements. — _ This same situation : 


u 
_ prevails with ‘respect to the multiple skew 1 with elastic piers s. The skew intro- 
@ 


uces certain forces and moments not present in right arches for loads on n the -! 


center line of the upper er roadway. As will be ‘shown, they a are Present | for 


A 
— 
They 
if 
ar) Me a - sts. the curves at the crossing can be made comparatively easv and the line i 
— 


sides 
ng of q 
ng ol 
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1.—AN IDEAL SITE FOR A SKEW UNDER-CROSSIN 


used 
spans 7 
sight 


ly 


icular 


_ Fig 2.—MopEL OF MULTIPLE-SPaAN SKEW UNDER-CROSSING, SHOWING 


: 


— 


of the end piers often differs from that of central 

nd or outside arch will usually be unsymmetrical. 

“ih The solution of the skew arch involves six equations in six unkno | 
the aymmetrical arch these break up into two groups, one of four ‘equations a. 
7 and one of two. In the case of the multiple- skew arch the addition of each > 
1 will involve the addition of six more unknowns. If the corresponding 
mS deflection equations are written, and are solved simultaneously, the labor ig _ 


ber j is reduced by symmetry. 4 Although it is lengthy, - 


7 


: iia convenience of reference the notation adopted for use in this paper, is 
= given in Appendix I. As far | as possible it follows the notation of the writers __ 
ppevroge 

previous paper 


pers, (A, B, C , and D) gay: are assumed to re rigidly ‘supported at ‘their 
bases. ‘The arch can a be considered as loaded with concentrated loads. 


q 
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1 
| 
CUTTING PLANES 
I.—OvTLINE OF THE THEORY OF THE SKEW ARCH A 
— 


of cantilevers. 
4 usually the case, some labor can be saved by aan that plane as ‘the cutting 


gl First, consider the cantilever at the left, the one containing Pier ae: ror 
- part i is acted upon by the external loads and by three unknown forces and — 


_ three unknown moments at the cutting plane. ks After the values of these six . 


unknown quantities are obtained the ‘stresses at any plane section of 
- cantilever can be determined | by the usual processes of static mechanics from — 


= 


SKEW ARCH 
ARCH RING BETWEEN PLANES 
THROUGH © AND P, 
“VIEWS IN DIRECTION OF 
¥-,Z-,U- AND V-AXES 


"Appendix II), the unknown ‘reactions being as 


yhich are to be solved subsequently. ‘The | derivation of 
this formula is not given because it was developed i in full i in the paper on the 


single-span skew vareh.* 8 The: origin of co- ordinates has been taken the center 


arches, 
th 
“ean be 
“Used; 
Normal 
“that” tl 


‘tem 
7 terms f 


4 
and, 
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| 
a 
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ng the -ondinate system and the meaning ofa part of the 
— are given in Fig. 5. In order to shorten n the formulas the terms, 


v and are to the expressions: 


the is of a mathe 


is 
matical (20) may be 
written if the integrations present no difficulties. — _However, in most designs, 


Beker is of a a shape that does not lend itself to this form of treatment, 


‘ NOTATION 
= SECTION 


planes parallel to and the ring. ‘This process 
As exactly the same as that used in common practice in the design of right 
arches. © The lengths of the blocks, s, may be taken as any convenient quantity, c 


but need not be the same for each block. this case Equations (20) 


A can be rewritten in the form of Equations (21), in which, finite blocks baud ; 

1 from used; the integral is replaced by the summation sign. Those terms that are 
jed a8 small may be neglected, giving Equations (22). It is suggested 
tion of that” the designer check the writer ’s judgment in the matter of 
‘on the | _terms for any arch that he may be 


alled 1 upon to. design. m. These neglected terms 
, center ‘Wepresent deformations due to shear, rib-shortening, and rotation about the 
axis. In rib arches the rotation, particularly, qui 


quite large. 
‘or t the various types of loading terms it is suggested that the previous ] 


vious paper 
be consulted. The terms for vertical, dead load, uniform load, temperature, 


| ### 
ax 
Py 
4 
Boe 


SKEW ARCHES ON ELASTIO PIERS 


iven. The terms hit to grade and 


(21) are used the thickness, co- -ordinate the center, 


de deflection ere pa is expressed i of ‘components 
along ¢ each of the three axes and its rotation about each of these axes. Thus, 

‘six quantities, or six equations of deflection, are set up, which involve ‘the six 
unknown quantities the cutting plane; namely, the three > components: 
of the force and the . three components of the ‘moment. These q quantities of 
_— force and moment are independent of « ‘each other. This is also true of ~~ 

‘Next, consider the cantilever containing Pier B in Fig. Except for, 

the > effect of the arch, b, this cantilever can be treated in exactly the same 

: way, and the  delliction of the cut section can be obtained. | The forces at this 
section are the same as those of the cantilever, , A, but opposite in direction, 
being action and reaction. As the details « of each cantilever are fixed, 

: the x ‘movement of the crown of one is necessarily equal to the movement of the 
--- erown of the other in each of the directions or rotations, because they must 
coincide both before and after deflecting. . These s six conditions can be expressed 

as six equations, care being taken as to the sel selection of the s the sign of the move 


ment. Thus, six ‘equations are set up in terms of the known external loads, 
[<3 certain physical characteristics of the he arch ring, , and the ‘SIX 1 unknown n literal 


reactions at the cutting plane. These are taken so ‘that they are mutually 
imple 


independent. As 3 all these equations are linear, they can be solved by simple 
eae methods. The mathematical treatment may be lengthy, but it is not 


% 


oF Forces” - 


another arch, such as Arch b in ‘Fig. 3 


present, in computing the deflection of the cantilever of Arch 4 


ver 


the 
and 
folk 
4 
ta 
3 
ih 


1981 

These _of the six unknown components of the 1 reaction at 
— the cutting plane and the external loads between the cutting plane of Arch b, 
and the y pier, B. By ex examining the e forces a acting on this cantilever in Fig. 6: and 


the direction of ‘the movement of the -erow n in Fig. 
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iti i 
cut sections, the section from crown ‘of a to the top of the pier has 


~ no force from Arch 6 acting on it, and also that the deformation of the section 


from the crown of Arch b to Gs tas of the pier does not influence the deflection 


of the crown of Arch a . Therefore, the summation of the terms of deflection 


need be taken over the pier only. As this pier is usually vertical and straight, 


the mulas are written with this condition in mind. The deflections thus 


tained must be added to those already computed for the right half of 
Arch a , before « combining it with ‘those of the left half to obtain the six equa- 
tions. Incidentally, the deflection of the eut section of Arch b, due ‘to the 


“forces at the cut section of “Arch a, can be w written at once from. Equations (3) 


ry Solving tl the six equations obtained for Arch a, the values of the r reactions | 


$ at the crown of this arch are obtained in terms of all loads between the section of 


Arch: b and the abutment of Pier . A, and of the six reactions at the section 


om: he cantilever consisting of Pier B and the left portion of Arch } can now 


be taken up in the same way as the cantilever of Arch « a. yi ‘The deflection of this | 
caused by the loads acting directly” upon it ‘and the reactions — 
as well as the six unknowns from the section of 


reactions ‘from Arch a, Equations (4) are to be taken. ‘This ¢ deflection 
Boa thus be written in terms of the external loads and their reactions from the 
sections of Arch a and | Arch 0b. The reactions from Arch @ inv involve 
the unknown reactions from Arch b. Writing the deflections, | equations similar 
to those for the left cantilever of Arch @ are obtained | after collecting the 


terms. No < operations of a higher degree than the first are involved (six first- - 


degree equations in six x unknowns), in obtaining the reactions at the crown a. 
of Arch b. _ These represent the deflections of the system ¢ consisting of all of | ot cs 
Arch a and the ‘portion of Arch b to the left of the section. 
ar i the system is symmetrical ; about t the crown of the center span, as is true — 
in the example { given, the deflections of of the arch on the 1 right and the right | 
side of Arch b> will involve the sam ‘same equations, except possibly for ee 


terms, . Equating these | six deflections against their corresponding six on the 


left half of the system gives s four equations in four unknowns and two 0 equa- 


the reactions in 


“with ‘of Arch b, can be treated in the same manner 
‘used on the left part of Arch a. The right part \ of Arch b is treated ine 


same way that, was used o on n the right part of Arch a. In this « case the reactions 


ay 
‘ 
— 
(4a) NES 
> 
Ve 
— 
a 
Arch 6. For the deflection due to the loads on the ring of Arch 6, Equations ~ J SS a 
| 
| 
ars, 
im, 
| 
bd 
(49) 
: 


the section of Arch b will be in terms the and the 
from Arch c. This p process must be continued until the arch on the extreme 


i Having obtained ie: reaction of the right-hand arch, or the center wie 


; in the « case of symmetry, the ‘reaction of the arch to the left can be found 


q by substituting these values i in the reaction at ‘the cut section of this second 
4 arch, _ The process i is continued until the left arch, or Arch a, is reached. — ah 


‘The entire system is now broken up into system of cantilevers acted 
upon by known loads. By means of ‘Fig. 4 and Equations (5), which are 


Presented under “Method of Computing Unit nit, the stresses on any 
It. is to no note ‘that if the skew is to (a right 


the entire computations. “(Note (33 2), 
- (33) which develop from Equations (20), (24), (8), and (4), by placing « 


equal to zero.) _ As a result the | equations and method herein ‘given: can be 
used to study the « effect of loads that are not in the center of the upper road- 


way on a multiple arch with elastic piers, or, in fact, the effect on a single span 


a right multiple arch 


This also gives a analysis for 
=< elastic ¢ piers wi which at no time involves the asiction of more than three 


in three unknowns in one A discussion on the relative 


merits of this solution of the are h and t Inown to to 


_profession would be valuable. 


PART 


the in the | previous paper, the polygon of forces follows 
the central line of the skew arch as closely as possible. Me In an arch of the 
ideal shape, therefore, it follows this line exactly, and the distribution of 
wa and moments along the cutting plane, ‘such as shown in Fig. ig. 8, or or the 

* a crown section, is uniform ; that is, , the thrust is uniformly distributed along 
section while the shear is non- existent. If the adjustment i is not so per- 

feet the thrust can still be taken as uniformly distributed. Consider, ‘there 
—. fore, any section at a point, P, Fig. 4. The computed components of the force 
on this section are é., hai and t,, and the moments are Me ‘My and my. The 
force can also be resolved d into three cc components: One parallel to the spandrd 
wall and perpendicular to the radius, ts another parallel to the radius, ¢ ai : and 
the third, perpendicular to these two forces, s. The moment be resolved 
into components around these axes. — The main ‘reinforcement steel is parallel 

' ba to the force, t. This force can be considered as uniformly distributed over 8 
- section the area of which is the projected area of the section + the yen 


of this force, é. proper allowance being made for steel 


Tight i is reached, the right cantilever v will have no unknown loads 


-variou 


— | | 

sity, 
= _ The six equations 2 
ini orces and moments. The 
___ pendent of the three remaining f 
| 
With | 
Bat the 
sides, 
| 
For 


lative 


parallel 


over a 


shear, 


ean be distributed ov over this same projected s section using the parabolic distri- 
bution. This gives zero shear at the edges. ‘At this place ‘the force, of neces-— 


i - sity, must be parallel to the spandrel walls. . Three halves of the average | shear 


- yalue is the maximum at the center ter. These values will | usually not be great 


weg 


102.7 
moment, m , about the axis parallel to in same w 


as the force, t3i it acts directly on the steel, and the projected area of the con- 


: crete is used in computing width. The torque, A about the axis parallel to 7 
‘will usually be small in value, but it can be computed on the projected section. 


‘distribution | of this stress parabolic along each side of the | section, 
with | a maximum value 3 in the center of the long ‘side, and a zero value at ep ‘: 


As the main reinforcing steel is parallel to the e spandrel walls, the ses 
and moment ac acting ont this steel are next t computed, as are the shear and thrust 


-at the maximum a point t of. the se section; 1; that is, the center of. the to he top and bottom 


_In making these e computations after having obtained the crown ‘reactions, — 


following formulas are used. . Equations (5) are set up directly from 


Fig. 4, by moments in the direction of and about the 

various: axes. 


= sin + 1 T cos + V cos Hsin 


Ge) 


cos 8 + T, — — Tf, 


4 


For brevity. for tan then, by r resolving a set 


of making an an angle of ¢ wit with the original set of u, v, 2 


igs: 


ct- 
nd = 
i 
road: 
span 
arch 
1on of 
e fore 5d) — 
and 
colved 
= 
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t, sin COS 


= m, cos — m 


—To illustrate the ‘method | here outlined a numerical 1 example 


w vill be alg For ‘this purpose an arch is ; chosen c other than the one used 
to illustrate the. method of computing the crown reactions in the multiple- 


_ skew ¢ arch, which is tested with the model. - The following quantities have 
been measured or computed: ¢ : has : ta mn 47° 1 = 1.079; b = = 45.6 ft.; crown 


a thickness = 14 in.; and b cos 47° 11’ = 31. ft. = 372 in. a = 


By methods described in 1 Appendix II of this ‘paper, stresses are 


TABLE 1.—Turust A AND AT ‘THE 1 


Wa —234. 37 
Temperature 10. 28 


Uniform 104: 

the crown = 1. 079; cos = 0.6796; 


= 0. 7335. values i in Equation 

| t= 259.33 0.6796 273.43 X 0.7335 = 176.35 200.57 = 37 376.92 

= 259.33 X 0. 7335 — 273.43 X 0.6796 = Ni 190.22 - 185. B= 4 89 

= 262.94 X 0.6796 + 234.37 X 0.73385 = = 178.71 + 171.92 = pe 


262.94 0.7335 234.37 x 0.6796 193.5 29 = 8 35 


i d. The 


tions Ww: 
ak 350. 68 


4 


Total with 50° drop 
Total with 30° rise 


It is now necessary to design a s section, 14 in. thick and (3872 in. wide, 


 earry the thrusts and moments i in ‘Table 2. _ The design for ¢ and m presents m 


problem, the simple case of an eccentric load « on a 


: 


— 
_ 
str 
a Me 
the 
Ne 
— from - 
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and, 
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tan 
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and, 


SKEW ARCHES on PIERS 


The horizontal shear at the center. equals Ib. p per ‘in, 


par aie to torque, or fy using the formula for torque, i 


| 107. a per sq. in., 

section equals” + + 107.7 5. 0 = — 102.7 “7, Or 112.7 2.7 Ib. per sq. in. 


‘Thus, at the upper surface the er there is a stress of 112.7 
sq. ‘in., while on the lower surface the shear i is 102.7 7 Ib. per sq. in. Assuming 


as straight-line variation of shear between surfaces, Fig. 9 represents this dis- 


the ‘of. a (base, 82.7 Ib. per ‘sq. in, height, 5. 38 in. n., and depth, 
12 in.) must be taken” up by reinforcement on the upper surface. On the 


lower surface the force is likewise represented by the volume of a wedge, 


This reinforcement must be adequate to take the torqui 
these two through a lever arm equal to the 


apart of the two rows of steel, in this case, 8 in. a: 
__ No oting that the center of gravity of the triangle is one- : one-third the distance 


82.7 Xx 5 
q 


X 4.72 X 12 X 10.64 


s steel is laid at right angles to the main ‘reinforcement and if con- 
sidered advisable, may y be reduced tow ard the -spandrel walls, since the shear 
is distributed according to the ordinates of 


ing 
The s 


stresses in any y other section than the crown present 
difficulties that havi not been clarified i in the ‘foregoing computations. 

PART — APPLICATION OF THE THEORY TO THE ANALYSIS OF A SKEW 
In order to illustrate the application of this. theory to the analysis of a 
structure, Fig. 10 ) will be taken as an example. The entire set of computa- 
tions w ill not be given, but it is hoped that the outline will prove sufficiently | 
complete to be followed readily by those familiar with the method as as applied 


Example 2 —The arch ‘rings, including the outside piers s (Fig. 10), have 


been divided into blocks. of finite length and, by scaling, the values listed in 7 


Table 3 have been obtained. Furthermore, Fig. b= 42 ft. 


wide, to ih computing temperature th the Toading terms for Arch a are taken as: 
gents 10 = 42 X 23.5 x 0.000005 Xx 2.000 x 144 =1 
L, 


sed ss on 

- 

— 

6 196; 

76.92 

35.58 

— 

a 

100.06 

tm 

— 


and for Arch } these 

= 42 26.5 x 0.000065 2 000 = = 2083. 
a 


= = eX 20 X 2083.5 = 1454. yh 


TABLE 3.—Sos ALES AND COMPUTATIONS EXAMPLE 


1. 0.081 
0.069 
3.55 0.099 
5.00 0.119 
6.45 ‘3 0.151 
| 7.85 -43 (0. 191 
1.915 
.20/—22.000 
2| 6.80 -20| —22.000 
2} 9.00) 12-05) .20| —22.000 (26.50) 
13.40 12.05| 2.05| 18. 2.20|—22.000 . 


; 


11.88 


= 


OF ARCH a (Pornts: 1 107 ARE THE SAME AS THE Levr 


4.10} 10.95 2.10} 0.265] ... 


‘In both cases this. is bE, or 42E time s the e expansion in the direction 


of X or ‘z. ‘The multiple, 42, is used because each term has the bears 
factor, 42, cancelled from th denominator (as is also EF), or 2 000 14 
_kips per sq. ft. The coefficient of e3 expans ion was: as 0. 0000065. 


By computation from the scale quantities | in 1 Table 3 the summations | 

approximations | of the integrals used in the formulas ar are found to be a8 


4 hown in Table . The ‘summations are taken from the crown to the abut 
ment, or | from the puny to the abutment. in the case of partial summations 
left side of Arch a In the case of the right side of ‘Arch a ‘and 
the left side of Arch b, the posts of the intermediate pier presented a problem 
somewhat different the blocks. Th his section of the arch was 
and the effect of the posts was treated | separately. 
this example the v writer carried the computations toa larger 
designer would have done. This was done 
in order to to study the results better. &F urthermore, it required | little more re effort, 
because a multiplying machine The values are published a as com: 
- puted, because it is felt that an eaperionnsd designer | ean balance time against 
"accuracy as he sees fit, and would not take these computations as an example 
particular. Others n may be interested i in the numbers. ai as computed. 


The piers consist of five 3 by 3-ft. Posts, 9 ft. 6 in. long and 9 
, top and bottom. % 


— 
eval 
22 
puta 
24 2.58 | 3-90] 0.047 
— 6.4 2.58 | 11.62) 0.124 
2.58 | 16.73] 0.17 
2.58 | 21.75) 0.238 
2.50 | 24.36] 0.186 
1.05 | 26.20) 0.151 
er, 
vant 
_ 
total 
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evaluations of the deflections are g given in a few cases in the following com- 


the for deflection of the post of a 


pid: 


4 
‘ 


— 


ymations 
to be a 
the abut 


mation: 
and 


ch a 
"probe 
“omitted, 


yumber 
ore effort, 


KOS X 2.08 3 


12 x 9. 
T= (2.3 383 + 88.2 281) 


— 
the moment about the F-axis 7 
ft. 8 it Total 906680 
4 


‘ 
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"i SUMMATIONS, ABUTMENT TO CROWN SuMMATioNs, ABU TMENT TO Loap 


“Quantity? ] Arch « a Arch 


6.757 


-ssin¢ 
t 
8 sin cos 


137.303 


2 157.617 


714. 


101. 899 


— 


MULTIPLE: SKEW ARCHES ON ELASTIC PIERS 


SUMMATIONS, ABUTMENT TO CROWN 


0.513 


The following values are obtained for the various pon for the } pier “a.” 

rept, whe which allowance i is 


0. 4 42 > 0. 0.00112 


jae 
| 528 | 0.500 | 0.458 | 2.252 
478 (5.782 | 52.870 | 5.110 | 8.749 | 
89-502 899-906 | 22-160 | 18.817 | 219.740 
2.718 
tm 
— 
34.000 


q 

MULTIPLE-SK “SKEW ARCHES ON ELASTIC PIERS os 


7 — 15.75 X 0.0022 

For simplicity of arrangement, the equations for deflation of 
“cantilevers may be written in the form: 

AT, +BT, +0 7,4 +DM, +=EM, +F uM, +2,. 


ou: 
Lg 


+ RM, +8 + Lys... 

‘The coeflicients are from the summations as in Equation 
(20) and ar are made up p of the following terms: 


= 6.708 + 18.280 + 1 098.224 + 0.652 
1.399 — 1229. 946 + 0.189 — 0.141 — 31.27 — 1 262.574 
= — 0.896 — 2.543 781.677 
= + 0.140 + 0.217 + 66. All | . 
031 — 0.028 — 7.278 
759 + 1 995.259 + 2.367 + 0.4 


q 


_ 2.742 + 0.079 - 19. 669 
= 0.291 + 0.104 + 58.993 eo 
= 30.000 +4. 325 P's 3.684 + 1 140. 
= — 0.197 — 0.312 — 96. 181 —_ 


ll 


| 


al 
| 
Ate 


S 


= 6.708 + 1.141 + 90.444 + 0.650 0.189 
27. + 2 (994. + (32. = 175.396 


O=— 0. 952 — 0.184 — 36. 287 — 562 


— April, 1! 
+ 0.41347 = 0.44522 
and, 
skewed} L = 
lflectio 
d 
iii 
PH. 
032 - ox 
C&R, 
re 


400 018 +38. 690 ++ (3.880) 
= 0.023 —0.017— 6.450 = 
@ = 0.456 + 16.758 + 549.958 + 0,187 + 0.485 
172. 148 + (8.866) + 720.400) + (3. 316) 2 472. 
= — 0.454 + 0.067 + 17.000 — (3. 468) 1B. 1500 
I=— 116.879 — 141.867 
= 0.024. + 0.104 + 57.121 + 0.396 
= 17.910 +1. 843 + 0.254 + 49. 779 166, 


uation due to post are in n parentheses. To compute the 
4 idlections due the _ loads, partial summations 4 are in 


= — 0.803 — 1 216.792 + 0.176 — 


+¢ 632. 376 — 0.385 + 0.287 + 54. 142 553. 


= 5.262 + 5.321 +1 + 9.806 + 0.384 


1. 


0.158 — 46.864 
For load load at at Point (b): 
0.652 — 98.804 | + 0.114 085 — — 16.339 
= 0.427 45 322 + 299.200 185 + 0.383 
004 — 211.188 + 0.144 + 0.398 
94.439 + 8.866 + 1 702.399 + 3.315 
= — 0.482 + 0.060 11.540 — 0.368 
+ 12.681 — 3.463 — 2. 


175 
— 
kewed 
— 
--(9) O = — 0.066 + 0.012 + 4.125— (0.4183) = 
768 
| ie 
270 L, = — 2.726 + 0.072 + 14.210 + 5.017 
Le = 0.026 — 0.020 — 3.405 —0.059 + 0.044 ++ 9.367 = (5.935 
_0.291 + 0.063 + 16.835 — 0.526 
690 
052 
207 | 
396 
614 ae 3 


In case: of crown 1 loads, the Value of the for T, and the 
P int (4) equal to 6. 00, = 14.688, and with the a, of Point (b) 


“A om Equations (3) t the right cantilever of Arch | a, 


due ball ‘the crown pee ‘and loads on Arch b are computed, 


= _ (23. 0 +1274. 184 — 128. 356) T, + 2906. 152 Ty» a 


— 


—1%6. 728 T 109.6 666 ; B — 6.¢ 669 M, p+1 590. 


1 573.600 Tz (9.2 — 3 9008 800 — 7.672) Ty + 4.455 


147.200 M, + 0.4148 M, — 2 125.030 ¢ 894.910 d. . (10!) 


— 176.728 Tr B + 8.235 Ty — (23.0 + 5 340 — 253. 3.192) 1 
= — 181.133 T, + 325.068 1 Ty B 267 + 177.267 ¢ 


21.099 T, B+ 0. 7962 2 ++ (10 
— 0.916 Ty B 0.5 365. 088 


Equations: (10) may be summed up, as follows 
171.997 T + 2 906. 152 T, — 176.728 
109.666 Min— 6.669 M, + 1 590.167 ¢ + 2 906.152 (11a) 
0.4148 M, — — 2 125.080, ¢ — 3 894.910 
— 176.728 B 8.235 T, p— 24. 995 + 9.5544 
— 1381. 133 + 325. 068 Ty — 12.267 a 


+ 0.692 T, — 0.0496 My + 805.088. 


The deflections of the left cantilever of due to the: crown reac 


ions of Arch a a, , can be written at once without further computation; thus: ( nal 
—1 171.997 4 — 1 873.600 T, 4—176.728T,4 
131.133 M, 4 — — 727 M, + 786. 800 29.76 

= 2,906,152 T, 4 + 8 899.265 Ty 4 + 8.235 T, at 825.068 
(0.916 My 4 — 1 981.582 -- 
= 116. 728 4 + 4.455 Ty 4 — 224.995 4 — 21.099 


— 
side, 
ta 
= 
R 
aw 
= 
100.666 T, 4 — 147.200 T, 4 — 12.267 M, 4 + 73.600 


6.669 554 7962 M, 


dy = 0.4148 8T, + 0.4452 0495 + 0.5292 “an 

equations for obtaining the crown reactions of Arch— a may now be 

ons of the left side baa to those of the right | 


set up by placing the deflecti 
side, thus s producing ‘the fol following six equations: 
833.892 T, 117. 162 Ty 869. 103 T a 295, M, Mea ‘ 


aur 7.162 679.454 856 417.722 My 4 
13.644 My 4 1.743 M, 4 = 1 573.600 T, —3 899. 265 
200 M, — 0.4148 
1 137.24 24 2 125.030 — 3 
103 8. 856 6T, 4+ 1 341.497 86. 314 M, 
913, = 176. 728 T, — 8.235 Ty — 224. 995 
0.4492 M, + 1290. 000 1° — 19. 
7.514} + 0.169 ¢— 3.561 
+ 17.793 +> 256 Ma= = 131. 133 7 


12.267 M, + 69.075 a + 79.879 b—177. 267 
+ 22.763 My 4 —¢ 
) 


atic 
M,, — 5. a — 6.983. 


913 T,4 —0.119 My, 
916 p — 0.532 0. 0495 M, “+ 80.849 gre. 


Slow: 
1 804.086 T,, 4 = 982. 464 Te» 170.911 T, + 38.049 T, 
+ 81. 780 7666 M,, ; p—0. 2681 M, + 2 666. 278 1° + 415.954 a 


499.621 — 1 186.400 ¢ — 2 168.103 
T, 4 = 1 524.004 T, » — 3 743.919 Typ 24.430 he 


141.197 M 2B +1. 1091 M, — 0.4243 M, B — 65. 639 t° 
— 682. 886 a + 1 102.424 b- - 2 038. 019 ¢ — 3 735. 900 d. 
= 598. 806 — 821.4 60 Ty 291.600 Ts: 


6.3: 


= 2. 800 653 + 1.536 

+ 0. J M, B + 0.0350 M; — 332.306 t +. 19. 791 a 


763 M, 5 T, — 9.897 Ty — 47.249 T, - 0. 
—0. 0392 M, + 103.406 — 13. 385 a — 6.289 


S ON ELASTIC PIERS 535 Be 
— 
ad 
4, | 
— 
= B+ 109.666 M, 6.669 M, p+ 1848.00 4 
10a) 
106) 
ao 
ii: 
— 
50,080.75 4 - 
— 
J 
(4) 
m5 thus: — 
(140) 
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performed if the are made with the aid of a Sub. | 
stituting the _values from _ Equations (14) in Equations (12), loading 
terms: on Arch } are found in terms of the crown reaction ¢ of this arch and 


‘the external loads. The are, as follows: anita 


1 286.058 7 871.685 1 Ty p+ 70.589 »— 108.157 | 


— 3. 345 My B 2+ 0.3968 Mz — 1 738.666 —71.419q 
735.296 b + 1 565.128 +8 866. (15a) 
2 871.685 Tp —67 54.194 1 p+ 24.577 Ts 254 566 
0.0659 My — 0.6878 B + 3 269.587 + 158.075 a 
= 70.540 Ty + 24.577 Ty — 112.229 — 1.019 Mz p 


4.542 My 1.315 p+ 382 32. 239 1° — 31.064 a — 22 


M, + 0.0056 887 1° 1.107 a + 0.6 626) 


= 0.897 Tr — 0.687 Ty — 0.131 T, 0.026 M, 
coefficients i in Equations | (9) for Point (b) are determined i in the same 
ay as for Point c computed values are as follows: ate 
= 12.500 + 1.370 + 141.887 + 7.1504+0.753 
153.289 + (22.167) + (1 392. 


3 = — 2.065 — 529.654 + 1.253 — 0.934 — 229.953 egg ye rey 


= — 10.487 — 0 940 — 189. 669 - =— — 498. 


81.250 + 4 499. 351 1. 010 45. 


1 481. 291 + (8. 867) + * (8 302. 2.157) = 


0.591 + 157.823 — 9.178) M6. 746, 


0.060 + 0.486 + 173.571 + (0.874) 
15.797 + 1.263 + 251.842 + (22 
+ (825. 04) 
0.050 15.525 


Asb 
| 
| 
tmz 
— 
By 
Ae jr 


= 0.059 0.007 +16 655 + (0.46: 3) 
R= 0.009 — 0.007 - 


= 0.004 + 0.063 + 81.888 ite (0.047) 81.952 


As before, deflections due to the ] post ar are enclosed in parentheses. 
‘For Toad at P Point (c), Fig. 31 a= 19. 2.00 and z == 16, -876) 


1. 88 461. 340 1.135 — 0839 


+ 265. 355 260.583 +1 489.000) 


= (0.504 + 11.959 + 3 044.843 + 0. 997 + 4.37 376 
| 957.615 — 1 944.633 — 1. 089 6.081. 
1.425.817 + 8.866 + 8 302.157+4+ 16.167 
— 3 759.467 — 16. 496) =+ 5 198. 951. 


= (— 2.806 + 0.521 + 121.884 + 2.917 0.736 


— 181.455 + 9.178 + 9.365) 41.132 


= (0.081 — 0.060 — 14.058 — 0.115 + 0.086 


= (+ 058 + 0.320 + 75. 536 — 0.065 — 
— 116.602 + 0.874 — 0.892) 


the six in this case are as follows: 
889.923 T, B- — 428.116 + 153. 834 21. .. 
—1 285.052 T, + 70.5397 p+ 0. 397 p— 71.4910 


604. 871 


2 083. 536 

735. 296 b 565. 128 +2 “866. 306 738.666 
51.504 352.832 ¢ 958 895 d — 3 822.202 t° = 0..(16a) 

428. 116 T, + 654.2 558 .901 My 
539 T, 229 .020 .131 M, 068 a 
887. 577 Ty 542. 329 T, — 1.020 M, + 14.770 My — 


~ 99155 + 14.902 ¢ + 26.030d + 382.239 1° 
bay 153.334 T, + 55. 420 Mz p 
108.157 T, — 1.020 — 9.598 Mz + 0.026 9020 
5.177 Ts g — 1.020 45. 822 M, p-+ 0. 
73.600 b — 225.363 ¢ — 665.049 d 


66.680 b + 138.886 + 254. 204 192.6 
6.920b — 86.477 


(15 
Ge 
1e same — 
— 
is 
97 — 
> 
989 iii 
4.558 
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Bt 14. 901 Ten 31. 952 
B— 0.131 T, + 0.026 B 0.044a 


+ 0.044 


770 Ts + 0.086 Mz» + at. 952 Mz B a 


— 0.728 b — 41.229 ¢ — 160. 505d 
0.189) — 0.372 ¢ 0.683 d + 0.975 
= 0.559 b — 41. 601 ¢ — 161. 188 d + 0.975 =0 


845.989 Ty — 21.971 My 54.654) 
754.194 Ty 0.066 My + 158.075 a + 1 768.366) 
+ 7 591.795 906 M, - 158. 075 a 


683.369 — 6 744.073 d + 3 269.587 


508.657 ¢ + 5 764.523 d + 3 269. 587 t° 

21.971 Ty + 2.184 My 
0.066 Ty — 0.184 M, p+ 1.107 a + 0.626) = 

Ty p+2 -000 My + 1. 107a + 0.626, 


- 0. 024 ¢ - 0.006 — 14.887 


100 + 4.7 59 d — 14.887 
In each of Seinindin: (16), the first. line of values es represents the loads on “purpo 
7 Arch b itself; the second line represents the reaction from the crown of Arch a stre 
a and the final result i is given in the third line. _ The result of solving Equz- the su 

+ 0.134 a — 0.055 b + 0.469 ¢ + 0.941 d + 13.780 t°.. (170) 

yz =—0.0124 + 0.0120—0.108e—0.306d a7 
+ 0.117 a — 0.023 b + 0.312 + 0.533 a + 11.020 1°. 

2B = — 0.065 a — 0.022 b + 0.488 ¢ + 3.565 d +. 10.665 °., (17d) on the 

My = — 0.404 a — 0.023 b — 2.958 — 5.522 d part 

= + 0.036 a — 0.018 b + 0.823 ¢ + 2 908 d+ 4, f) pear 


values back into (14) and collecting terms, 
there 
s of th the crown reactions of Arch a, in terms of loads only, are: a PP 


9d + 9.697 1°. ...(18¢) 
2 


M 
+ 


0.317 a + 0.231 — 0.242 .039 - and 


096 a + 0. 208 b — 0.185 — 0.072 @ - 4.768 (188) of mo 

4 0.142 a + 0.114 b — 0.185 — 0.042 4.974 0°... .(18) duestio 

+ 0.183 a + 0.117 b — 0.154 ¢ — 0.177 d — 3.006 t. ... (18) _ Stee 

0.635 a — 0.329 b — 0.272 ¢ — 0.178 + 4.860 1° ~ 

The entire system is now broken up into a system of cantilevers “whieh were d 


determinate in every way, , and from (5) She. at any 


: 
4 ; 
¢ 
tours 
‘hte 
h 
— 
4 
= 

value 
e 
= 
by Prote, 
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B), have been found to be, respectively: 


0.183 a + 0.286 — 0.711 0.980 d— 0.515 
vi 


+ 0.186 — 0.007 g.. : 


0.085 « + 0.8165 


he computations given in Part III, a 2 celluloid model was made of the struc- 
“ture: to a scale of fo in. to the foot (Fig. 9). This model was tested by the 


deflection method devised by George E. ‘Beggs, M. Am. Bec. C. E. and con- 


“tours of deflection were > obtained for the several movements of the piers. 


bh tests applied to ‘solid figures, Professor Beggs used very rigid apparatu d 7 


The 1 writer was not able to secure this rigidity and, therefore, used the 


- method herein described to’ annul the influence of the deflections of the appa- 


‘The celluloid sheet used was 14 in. thick, and was built up by cementing - 


three thinner sheets together . The arch r rings were cut. from this sheet and 
the four ‘Piers were fastened to the rings with cement furnished for the 


( 6e) 


ds on purpose. The ring was cut on ‘a milling machine. ~ During this operation A 
“Arch ‘astream of water was kept flowing o on ee tool ‘to > prevent fire and to keep 
Equa- the surface of of the material cool ‘and hard. isi 
_ Although + the work on the model was carefully and accurately done, it 
(ta) did not prove as satisfactory for the purpose | as was anticipated. ‘During the 7 
nilling of the ‘Ting the “sheet showed e tendency 1 to split into the three 
“original sheets. After several trials a a ring was obtained in which this ten- 
dency did not to be very serious, , but doubtless it had some 
on the results. S The joints at which the legs were cemented te to the horizontal 
part could not be relied upon to be 100% perfect for deflection, although they 0 
appeared to be rigid as far as could be observed. _ The model showed a strong 
endency to warp out of shape when left out of the clamps, and doubtless: 
there were stresses induced in it by the testing frame when the legs were | 
in a neutral - position. — A line | across the crown that should have been level 
and was made true in the milling machine, showed a crown in the center 
of more than ds i in. _ However, even with these imperfections the writer 
questions whether a better model could have been made of this material. _ Moot a 
& Steel collars were secured on the model at the positions that represented t the 
plane that was considered immovable in the bridge; that ‘is, the contact of 
the ground and the foundation. _ As shown in Figs. 11, 12, a nd 13, each collar . 
consisted of two sheets of 3: in. steel, one on each side of a leg. > These sheets 
were drawn toward each other by § screws, thus 


clamping ‘them securely 


, This method is described in Transactions, Am. Soc. C. E., Vol. 88 (1925), p. 1208, 
Professor Beggs as applied to plane figures. 


7 2 
News- Record, , July #1, 192 27, as to solid 
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 toge ther with’ the leg them. One collar was placed on each 


so that it responded —- eins movement of the leg at ‘the place 


> 
x 


ws 


. horizontal plate was clamped to the bottom « of each leg. | Two angles, 
7 on either side of ‘the leg, were fastened together with bolts running 
through | holes i in the leg, thus clamping them n . securely to it and to each other. 

' These angles, i in turn, were bolted to the plate. _ This plate was approximately 

< 2 in. below the collar. _ Figs. 11, 12, and 13 should serve to make clear the 

position and method of fastening b both the collar and plate. 
Each horizontal plate was fastened to a. 1. steel base by ‘sevel 
bolts set in slotted holes. Four of these bolts were vertical and three, hori: 
om zontal. Each horizontal bo bolt v was passed through holes i in angles that, in tur, 
bolted one to the base- -plate and one to the horizontal plate. Around 

4 each bolt was a strong spring, sO that the the horizontal plate could be moved one 


way by tightening the nut on a bolt, and in the opposite direction by the 
when the “nut was loosened. vertical motion could be 


iil 
pers 
Vaal 
\ 
— 
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12.—CELLULOID MODEL BEING TESTED, SHOWING COMPLETE 


Fig. 13.—DIsTant ‘View oF END or MODEL BEING TESTED 
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duced bolts. Rotation about ‘the 
could be obtained by loosening one of the bolts and tightening another. y By 


- this system the base of the leg could be moved i in n any direction, 0 or could be 


rotated about any axis. . Asa a a result the section of the leg where the collar” 
was attached, and the collar itself, ‘could be in any direction or rotated 


the and collar were completely independent of each other, 
. the celluloid extension of t the leg, any local deflection of the plate as 


beam slab or cantilev er, due t to ‘the force exerted by the bolts or the defection — 

of the 2 3 -in. base- e-plate, did not affect the collar. es only registered the mov ‘, 
f the section of the leg at the oint where it was attached. eB ate 


_ During some of the deformations the springs did 1 not have sufficient 
strength to force the plate to the position desired. Tn such “cases short 
“bolt with a nut was inserted ‘the spring used a asa ‘screw- jack by 


By having a collar, ‘Plate, and system « of ‘bulie on each of the four legs, 


leg could be placed i in any position desired with Tespect to o reference: plan 
g-in. bi ase- plate was raised shows: 6 in. above the bench on which 
apparatus rested by having four bolts: screwed into it for legs, one in each 
middle of one end was a fifth bolt. When the model. was 
in operation — the two corner bolts on this end were shortened about 3 i in., 
leaving the: plate resting on three legs. A three- legged structure will x not 
have the load distribution | on its legs affected by ‘slight changes in the shape 
the structure. ‘Therefore, the loads, and af, the | will 
of the sev eral collars will next. be described. _ To each collar three horizontal 
and four vertical rods were s secured. Theoretically, three vertical rods would 
have been sufficient, but it was” decided that four would be more practical. 
The same was true of the four. vertical bolts. _ Three ae have been 
used, ‘The ends of the horizontal pode. were passed holes in heavy steal 
| holes i in _ the top of a small — 
table was for purpose. the position on the arch 
where the reading of the vertical movement was desired, vertical rod was 
passed ‘through ‘table top. welt fant Adar 


The these rods projected _above the or the 


readings were consistent by ‘this method and no no error within t the limits of + 
accuracy of the dial was found when the legs of the tripod were shifted ab 


before ial after ‘moving one of the legs of Fugeet model. It was found that the _ 


WwW ith this arrangement it is to be noted that the movement of any or all _ 
of the four collars ean be obtained with reference (1) to the bench on whieh 
the rapparetus rests ; (2) the table under which it is placed and (3) the steel 
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With arrangement of t the apparatus there will be 


> The position of the table with the holes in the top was adjusted by means 


of two plumb- bobs (see Fig. 12), the string passing through two holes in the 
top which were located over two punch- -marks in the base- plate when the table 
was in proper. position. _ The table top was of three-ply wood, the holes i in it 


|g being sz in. larger t than the ‘rods. These holes were back-bored to in., ‘except 


oa 


3 for the upper ply, which was about 4 in. thick. All rods were of 4-in. drill steel, 


_ sharpened at both ends. ods: Bike ail) 
One of the horizontal rods was located on the Z-axis of the abutment. 
The other two were at right angles to it and equi- -distant from the central 


point. One end of ‘the rod rested in a punch- -mark on the collar, while the 
other extended about 4 in. through ‘the steel ‘stand which was designed to 
hold i it, A rubber band was used to the rod firmly against the collar. 


‘The were made by sawing a 4in. length from an -in. H-beam, and 


sawing this section in two through 1 the web. _ Titres holes were bored int the 
7 web, and bolts were ‘inserted i in them to form legs. On these bolts * were two 
7 tee so that the entire stand was heavy and rigid. This design allowed for 


4 adjusting the height of the stand. Holes through the web v were bored 2 in. 
size for the rods. These stands were so rigid that no deflection couli 


-? observed from a pressure s such as the tripod of the Ames ‘dial exerted. 


rks on the collar or on the mode 


a Se It will be noted that no effort pean? to have the rods and the bolts 
that actuated the horizontal plate placed in line with each other, although 


definite positions with respect, to the pet? a result, 

; i‘ the moving of a any bolt would affect more than one rod and if the deflection 
of the 3- -in. plate and other parts of the apparatus is considered, the move- 
of one bolt theoretically affects” all the eight collar. rods. Hov- 
- ever, most of these movements are” very slight and with a little practice an 


+ operator could make the major adjustments, correct ‘the rods that should not 


: a have been moved, and then | go over the entire set for a | closer adjustment. 


as ‘When the legs | were finally adjusted three of them were in the same relative 


position with ‘respect. ‘to the bench that they were before the adjusting was 


started, a und the fourth had been given a definite movement either in direction 


or rotation as indicated by the rods on the collar of that leg. _ Thus, although 


de ction had been | given to the several parts of the 


ces up le mes ‘dial is eto to 


set of. holes in the base- for bolts 
4 to secure the angles; the table had a second top 1 with holes i in it for the ver 
- tieal rods, and four of the steel stands had two holes in them. ~ Except that 
the general manipulation was found easier, there was no other difference i in the 


operation between the two arches. dey side (2) 
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Fig, 14(a) and Fig. (14(b) show the contour surfaces obtained for the move- 
“ment of the left centr al pier aon 8 the e X and the Y- axes (Pier B, Fig. 3). 


vith 


Bien 


design ‘experimental work were conducted for the State 
Highway ‘Department of Connecticut a as part of a study for grade elimina- 


tion between two heavily traveled highways. is through the courtesy > 
Weldon, Deputy State Highway Commissioner, and that of the 


= 


The in Appendix III shia by the writer for the West- 


County Park” Commission and a are reproduced through the cou 


inis 


fst paper on the single-span | skew arch.? However, the interaction of 
arch spans ‘requires the introduction of some ‘new symbols. — For example, 
When a factor is modified by | two subscripts, the second identifies the span and — 
‘the: first denotes reference to a co-ordinate plane: _ Thus, » Mia refers” to the 
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C. E., Vol. LXXXVII (1924), pp. 615-616. 
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me moment in Span A, taken about the X-axis, etc. — ‘Dimensional notation ‘may be 
‘identified m st readily by reference t to the various diagrams. The” ‘capital 


letter coefficients in Equa tions (9) duplicate some of the symbols 


used elsewhere in the paper, with other me anings. It is felt, however, ‘that 
confusion will result §|. 


is called particularly the sy mbols, as used in this 
= the area of the arch cut by a plane inal: P radial to ‘the 
ring and parallel to the axis of the arch panel. 
the factor of torsion (see Equations (16)). i, 
the moment of inertia of the area, A, about the line through 
normal to the neutral surface. 
the moment of inertia of the area, A, about a horizontal Tine 
M = the total crown moment. 


M,, = the components of M about the X- axis, -axis, Z- 


ss P= any point on the neutral axis is of the arch ring lying in that 


vertical plane which is half way between the spandrel walls, 

OR Ra , and I Le denote the deflection of the crown at the right (or left) 
cantilever in the d of the -axis due to external 

= the total crown thrust, at | het 

T parallel, to the X-axis, 

= = the action aa at the point a, 2, or vertical dead load be- 
tween the crown and P, 
the width of the arch ring measured parallel to the Z-axis. 
wee F f= =f = the torsional force on a block corresponding to the moment 


i a ft = rise from hinge to crown on a hinged skew arch. 
> = the half span of hinged skew arch. 
= rise of Arch a or Arch b above vertical pier. 
ae By Ay ine half span of Arch a, or Arch b, measured in X-direction. 
Pe ae _ ¢ = the thickness of the arch measured radially at the point, P. 
v= the co- -ordinates of the crown center referred to the tangent 
ap and radial lines through P and parallel to the plane, Z=) 
y = the co-ordinates of referred vertical and horizontal 
> ordinates with respect to the crown of a concentrated 
= = subscripts denoting angular rotation or moment about: the 
Y, or X-axes, respectively. ~ 
= ert deflection at the top | of a a pier due to a torsion, 1, 
about the vertical or Y-axis. 
..,.. modulus of elasticity in compression 
= the ratio, fs 


= the tangent of the angle of skew of the arch. | 
€ complement of the angle between the « cut section at an 

oe ae irae. - @ = the angle of slope of a plane tangent to the al surface of 
‘aie 


w= uniform 
— 
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~The deflections: of a a skewe ed cantilever i in the the several axes 
je the rotations of the end of this cantilever beomead these axes when en acted 
upon b loads, a are given by the following equ 


fe cot ds 
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Ea — «sin cos x sin? @ — 


“This may be written as follows, if finite blocks are 
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| 
aq 
— 
direct thrust may be 4 
__ & omitted; this 1s also true for those due to rotation about the radial axis if the “a a. 
(22a) 
Se cos? DY uxcos d— ; 
— 
aS xsin pcos M,+46eA a 


‘on 


u sin = sin’ 


Concentrated Terms (the integrations or summations of 
and (25) are taken from the load to the abutment only): et wid 


sin cos @ (7-4 ¥) fv 
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hs in the case of E quations (21) ‘the terms of Equations: (24) may 
written for finite blocks, as. temeT 


é Ss sin cos @ - 


4 


dak 


the case load load the terms due to horizontal 


“earth thrust have been omitted for the sake of The remaining terms, 
have been reproduced for the finite blocks only: 


vie) 


Deed Textical Loading, Terms: 


sin? @ 
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I 


- 
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a — 
(22e) 
— 
4 Lg = —} a sin = ‘Bs 
(240) 
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‘The value of Fi is given by the expression : 9 


(28) 


“When a is 2 5 this becomes = 8.95 ( which may be 


angle show is made on: to z reduce as 
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groups of equations for zero zero skew are two parts of three 


‘eqations cosh, that sets” of computations can be e carried through 
‘entirely independent of each other, 


Appendix III with a brief of their derivation. 
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cos cos —z 

Ifa unit Pz, placed at the ‘right the on any 


(h Table 5 5, which | gives the fc 
: P and moments at the abutments, may be. derived w with ‘the guidance of Fi ig. 15. 4 


¢ 


TABLE 5 AND AT Sections OF AN Dor 


Pecos py sin 
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4 


is equal to the work performed by the force, | in moving through the iain 
ver, we 
that the abutment. is deflected in the direction i in which the force is acting. 2 
i Pe equals’ unity, the ex expression n for the deflection of the abutment in 


34e) I the direction, X, due to the deformation of one block of length, ds, i is: a. a 
=| 4= Py av’ Pu du + ‘dz + n, da + +n, ny 
‘The total deflection is the integral ‘of the terms 
34 7) In obtaining d 4 to find the expressions for py, — eR ete., for a deflection 
any | in . the direction, X, only those terms in Column . (2) Table 5 5 are used; for the 
(35) Collecting terms and using the of 45, Ay ete., 


(20), the several deflections of the abutment it of the 


4e—h4at+elf4p= deflection of right abutment in x-direction... (37a) 
Dur | 4y +14a—el4y= deflection of right abutment in y-direction b) 
Az + 4 LA = deflection of right abutment in z- y-direction 


= rotation of right abutment about z-axis........(37 


- = rotation of right abutment about 7 y-axis. 
rotation of right abutment about w-axis........ 


kaa the right sides of Equations. (87) are all placed equal to to zero, they iat 


represent the fixed-ended skew arch and the equations reduce at once to those 7 


already obtained this condition, as they should. However, with the right 
abutment a hinge, the axis of which is parallel to the z z-axis, 
(37d) cannot b be placed equal to zero although 1 Equations (37a), — 37e) 
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and (Tf). may; ‘and these four equations reduce to: "2 tt 


t hinged ‘Equations (87) and can 
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The formulas for the coefficients i in Equations (39), a are: 


vx COS — + aS ux sin — 


sin cos — — 


v sin — A Sucos — 


in’? a 
Equations (39) the ter ms due to vertical are: 
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Equations (89) the terms due to horizontal loads are: 4] 
(40a)  —A > y*— y > yo 
(40) 
_(40e) 
0) a 
(42d) 
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RUN- OFF—RATIONAL ~RUN- OFF FORMULAS 

By R. E. ARNOLD® AssOcIATE MEMBERS, Am. Soc. C. E. 


discussion of methods of estimating storm- water run- -off, statements, con- 


dusions and comparisons, weighing of errors, s, advantages and disadv antages, and 


suggestions for improvement, form an. im portant part of this paper. 


Logically, the paper is divided into parts. Part I contains an analysis 


the factors. involved ; it presents conclusions, and pr Proposes changes in 
present methods of estimating r run-off. Part II contains a series of derivations, 


introducing and ocating new ‘and formulas. part of the 


paper also contains examples and suggestions for ‘the guida ice of the 


designer. 


pring: 


I—A} 


- Many engineers are engaged in the design | of culverts, bridges, s 


‘drains, 


‘encountered i is that of. estimating maximum storm, or flood, water 

fow to be expected from a g given ‘drainage area. 
- Being indeterminate, the problem i is made more difficult by lack of f observa- 

tion and the present ‘uncertainties available data for the determination 

of i values for the many varying factors that contribute to flow. ‘Individual judg- 

ment must always play a large part in selecting values for these factors, . 


and, variation in may be regardless of the 


tion of run-off, not only to strive for the more accurate determination of values = : 
for the various» factors involved, but also” for better methods of applying 


_ The profession owes much to the engineers who evolved the e various empirical ; 


which were the natural fore-runners of the more recent, s0- -called, 


‘ai NoTz.—Written discussion on this paper will be closed in August, 1931, Proceedings. sors 
1Chf. Insp., Los Angeles County Storm Drain Div., Los Angeles, ee, POCaveI 


*Los Angeles Storm and Engr., Los Angeles Angeles, ‘Calif. Lis 
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— 


these empirical formulas is not now to be 
7 ‘The: rational method recognizes the element of time in the eit of 
storm flow and, although there i is much room i: difference in | Seen 


‘le approach to This method in some form is, 

_ rapidly supplanting the use of empirical formulas. The present users of the 

‘rational method may be placed in n two: main 1 classes: Fi irst, those who follow 


the detail method as outlined subsequently ; and second, those who attempt to 


rrive at a time of e concentration yn for the v water- r-shed ‘either by a comparison with 


The detail method is slow and tedious, wk ‘the w writers believe it be 
erroneous under the ne customary assumptions. On ‘the other hand, in attempting 
ih 
to determine average velocities for the purpose of obtaining the time of con- 
centration, and, . finally, the intensity of rainfall, _ by either dividing a large 


water- shed into only a | few. Darts, or, by comparing them with other | areas of 


them those obtained by the empirical formulas, 


There is no uniformity in the conception for deriving the 


the present use of the rational method. 7 Ifa detail process had existed, which 


- could have been used as a criterion of accuracy, the writers would have needed 
on much of their work, a rational formula for obtaining a reasonable result 
for a water- shed, without “tabling” the e area in detail. Many times: the | engi- 
must know the ‘probable maximum run-off at one or more ‘points | on 
_water- shed, as, ‘for instance, in ‘designing a br idee, culvert, or dam, or a section 


of drain: with large tributary area. There a are many occasions for the 


_ various factors involved in empirical - formulas, and in assumptions made in 


ba —_ is not justified it in n taking the time and going to the « expense of grates 
long, detailed calculation of the run-off. There should be a rational method of 
arriving ata close approximation of the run- -off from a given area by a more 


: direct use of the several factors involved. - The writers, therefore, have mate 
the following resulting in formulas which may be used for run- in-of 


niform of the rational method; and that the imadequacy of the 


aaa formulas for general run- -off computations will be made evident. fet 
oe It should be stated here that no attempt has been made to set up a “mill’ 

into which the various factors could be thrown, a crank turned, and a perfet 


result ‘obtained. The computation of off will always 1 require the bes 
ai judgment | of experienced engineers, er the data in this paper are ‘submittal 


only with the hope that their intelligent use ie be a time-saver in guiding 
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ise of clarity. The reader, therefore, i is 
existing ‘methods for computing: run-off. complete list of the x notation 
on of f introduced in Part II of this paper is arranged in Appendix I. The notation 


tions, § for Part I occurs in the body of the paper as the analysis acai REP ES 


__ Various empirical formulas for estimating storm flow have been presented — 


follow & from time to time, to the Engineering Profession, and 1 not a few of the leading - 
npt to MH cities use one of these formulas in estimating storm flow. Many engineers © 7 


2 with [also use one or more of the formulas for estimating, checking, and comparing ae 7 


ng the with local data, the run- -off for the larger flood- control projects. — VRQ eu? 


—) * Presentation of the best known formulas by Metcalf and Eddy includes a 
to be dear account of their derivation, as well as a comparison of results sbtained 


npting by their application. | a wide difference in results is shown,? but this is not 
f con: | surprising when it is noted that no one formula, i in the process of its oo 


large | tion, includes all the varying factors contributing t ‘to the result sought. 
0 It is not necessary. to dw ell at length upon these formulas, but it should 


ecurate ve interesting to observe that, because of three considerations, the very nature 


ae of their construction precludes any possibility of allowing for the difference S 


ng. the in flow, on areas of the same acreage > and sat of the main ne of flow. | 

in These considerations are: a 


» whic » @ Shape of area both as to and internal arrange- 


needed --——_ ment of drainage courses leading to the point of concentration; — 
result (2) Condition and shape of the main channel of flow; and 
1e engi: Moos (3) In addition to Considerations (1) and (2), the initial or inlet time 
ts on! aah 4 -eannot be allowed to vary in the empirical formulas, due to their . 
for the ‘ A better conception of the effect of these three considerations, and others, is 
he engi given subsequently in this paper. (See, “Inadequacy of Empirical Formulas”.) 


aking & 


mare The ‘undamental Relation.— -The -off and rainfall is, 


heels 


ve made of course, correctly stated by. ‘the expression, ily ; 
he. in which, Q, C, , and A are as defined i in Appendix I 1S 


Attempts: by to solve this, equation have evolved the so-called 
“mill tational method. This method is is based the assumption that the maximum 

“ tate of run-off from any water-shed for a given rainfall intensity occurs when 
"the all parts of the area are contributing. To fulfill this condition, it follows that 
submit al the rain must continue a length of time e equal to, or exceeding, the time it ‘ 
takes water to travel | from the most remote portion of the water-shed to = 


guiding 
outlet. T is known as the time of for the 


n original 


ist between intensity and time. It has been ‘generally shown that a 


*“American Sewerage Practice, Vol. First Edition tc 1 Eddy, p. 235. 
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7 for a short one. oe the most eadeiiteab form of this relation in use for 


in which, Kisa constant, a and is the intensity for time 


Equation 4 ‘therefore, more a statement of a fundamental r relation 


2 dias a formula. The factor, i, represents not merely a constant to be readily 


obtained, but depends for its value on the time of concentration of the water- 


shed, which, in turn, is determined by the : average velocity o of the waver in 
-travelin « Dicks the most remote section of the area to its outlet. This velocity 


s necessarily a function not only of the slope, shape, and condition, of the 


hannel through which the water must run ‘in traversing the water-shed, but 
also of the quantity of water itself, which wa due to the shape of the area 


Rainfall Curves—In- this paper the is assumed to be familiar with 
: ie general methods used in making rainfall curves. _ Selection of the proper 


7 = curve is controlled not only by the economic features of the particular problem, 


a but also by the locality of the water-shed. This part of run- -off study, however, 


is not intangible, nor indeterminate, since the curves may be made from actual 


ae rainfall records. Many engineers avail themselves of the valuable records kept 
by the United States Weather Bureau in the particular section in which 


“a oad though the rainfall curves, as used, are based on tangible rainfall records, 


ee: there is ‘much ‘room for the play of individual judgment in their making. 


ee it is sediienbiiod that accurate records may be had for a definite period 


of years, it is also. true that for another equal period of years, even in the same 


locality, the intensities for similar time periods. may ‘differ widely. Two engi- 
“neers, working separately on | the same r rainfall records for a given period ¢ of 


years, may draw different types of curves, since it is ‘difficult to determine 


whether a given point from observed data belongs on the curve _ representing 


“the values for a certain expected frequency, or ona curve of a different fre: 


quency. ide differences in the types of rainfall curves in ‘use may | 


tributed to this latitude afforded ‘the judgment. 


Use of Rainfall Curve. More im important to this work is the intelligent ust 


- assumed herein that the ordinate of the curve ‘Tepresents t the average ‘rainfall 

es intensity, i, expressed in inches per hour, that may be expected to last for the 
corresponding time, represented by the abscissa; or, ‘stating it in another 
ic way, a water-shed with a time of concentration, | t, may be expected to receive 
3 a rainfall with an average intensity, for ' the entire time, of 7 4 in. per hour. a 
ae A Be Thus far, ‘no mention has been made of how that part of the storm, which 
is expected to last for the time, ¢, is supposed to conduct itself. It may have 

an average | intensity of i in. per hour, yet begin intensely and end lightly; 


it —- intense in eatin: of the time period and light at either end; 


ca of the rainfall eurve, which requires | a knowledge of ‘its make-up. It will be 
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se for of rainfall records, the and others found that 
i i individual. storm may begin or end in any manner, no definite general 
— 

i tendency as 3 regards the order of greatest intensity having been observed. 


The rainfall curves generally in (including the construction of the 
various expected frequency periods, as 10, 15, 25, ete., * years), , are built. on | the 
basis of a an average intensity for a given period, such intensity bein 
_ £§ mined from records of storms of various 8 types as Tegards the 1 relative intensity — 


a within a given time period. It is ¢ clear, therefore, that because a curve oO 7 
EMH @ have the form of Equation (2), there is no reason to assume that an individual 
ser in  ™™ will follow the law of this curve. In using curves so constructed ‘the 
Beall type of storm for a given time of « concentration should be considered as | ind a 


of the pendent of the law of the curves. To construct: curves, the 1 use of which 
4. but to imply that the type of storm to be expected for a given time of concentration 


Dir. : is one whose variation in intensity for that time follows a definite law , would © 
"require ‘the selection of data for the various time intervals from storms, 
-Tates of precipitation of which actually followed the particular law. = “The” 
probable frequency periods” would depend necessarily on the type of ‘storm 
proper 
| selected. This would be impracticable; ; and it. would seem that the method 
; now followed i in making curves offers a rational attack, ‘since ‘the type of ‘storm: ~ 
pee: actually used approaches one one of uniform intensity for the time of concentration. __ 


od This conception § should be concurred in by those who pursue the detail 


ds kept 
ai process of the rational method in storm drain estimates, in which it is the . 


«ss evident intention to assume that the intensity i is ‘uniform over the entire. water. 


cord, shed throughout the time of concentration. is Such assumption, no doubt, would 
conform to that of Oo. Ramser, M. Am. Soe. CE, of the U. S. 
he same | “The maximum rate of run-off, therefore, would result tian a rainfall of 
uniform intensity, continuing for a time equal to or 


The assumption a uniform, or intensity for a § given time 
| ‘concentration, affording the most, feasible means of building rainfall all curves 
sll te to forecast the probable intensities and frequencies of storms, , does not, not, ae 
course, preclude the possible occurrence precipitation varying in intensity 


within a given period of time; but a storm, following any definite law Gn 


- tegard to o the relative intensity ° within the time period) other than that of the 
average stor d stru ting th infall curves, may be expected to 
; will a ge sto m use in constructi Mg the rainfall curves, ay ee pec ed to 
rainfall have a “different frequency occurrence. Hence, the 10- year, 15-year, 


t for the 5-year, ete, , frequency periods of the curves, as ordinarily constructed, cannot = 


operly be used for forecasting storms of varying types. 


mea _ The Detail Method—In solving by the detail method, it is first necessary to | 
as determine the time it takes the water to flow from the most remote ‘portion 

jour. of th 

—e the first small area, or nucleus, to its point of inlet to the main channel of 

nay have flow. For this time the intensity, | i, is determined from the rainfall curve in 

| lightly Use, the value, Q, is calculated from Equation (1) and its. time of flow to the — 


next inlet point is determined. © The time of concentration for the total area 
R Run-Off from Small Uae Areas,” reprinted from Journal of. Agrioutturat 
Research, Vol, 34, Pp. 799. OF Tt a W TOL ITT HOT 


her end; 
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wi 


—— at or ——— thie second inlet point equals the concentration time | portic 
for the first area plus the time of flow i in the drain to the e second inlet point, tribut 


The rate of run-off, Q, is then calculated for the seeond inlet point, using the iy, 0€ 


new time which g gives a decreased intensity for the entire area « contributing at, Be t 
or above, the second inlet point, etc., at all inlet points until the entire water- ~ e 
Merely for the purpose ‘pose of illustrating the use 2 of the rainfall curve as when 
generally practiced in detail method, a a simple water- shed d is chosen, total 
e In Table 1 the points enclosed with circles represent inlet 1 points on the main from 
drainage channel, which is designated by the heavy line. 


TAB LE 1. 1. ATION TaBLe FOR Srupy oF ‘OF AINFALL siry py const 


‘oral 


Rainfall Intensity,#, | = Rainfall Intensities, i, in Inches 

in Inches per Hour co. ntration 19 x late per Hour, for Cumulative Areas,A, 
A f Iniet at iY 


2.83 


t 
tha 


Pia 


a ox 


wi d 
60 


“Tat the total ae contributing v water above the successive inlet points equal ed 
an ay 
times of concentration, ty, ete. “and corresponding 

"average ge 11, ta, ig, ete., respective be re 
Let the individual areas contributing water to the. succeesive inlet points te ry 


represented by a, ag, ete. (shown on left of Table Then, let 2» ty 


ete., equal the average intensity of rainfall on the areas aay Ge dg, ete., at the 


= ee respective times, 4, Ve, t’3, ete. For this | simple water-shed it is assumed that time, 
a the time of concentration of the individual areas is approximately equal » to the inl 
SS 4 differences i in time between inlet points on the 1 main line, or, that the intensities, 7 
‘a> € ete, to the time periods, 0 ‘to to ty ty to te. ete, 


x 


Considering Area ‘Table 1, and the ‘assumption of the inter 
method, ‘that the maximum flow occurs Ww hen the storm lasts as Jong, 


B 


_ or longer, than the time required for the water to travel from the most remote on t] 


— 
= 
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© 
time portion of the water-shed to its outlet, enabling : all ipa of the area to con- 
point. tribute simultaneously, then, the run-off from Area a, produced | by ‘Tntensity 

g the oecurring at Time th will reach the outlet when is cont uting, 

water- _ Likewise, ‘the the run-offs from Areas do, Li ete., produced by Intensities 


ete., occurring at Times t's, ete. , respectively, Ww vill reach the outlet 
ee when Area a, is contributing, due to Intensity 7, falling at at Time ty, The — 
hosen, total discharge at the > outlet of Area A, will equal the : sum = of the discharges 


7 § the individual areas composing the water-shed. 
ry _ Now, solely for the purpose of illustrating the present | use of the rainfall | 


| al in the detail ‘method, it will be assumed that the run-off coefficient is 
constant throughout, say, equal: to one. Any form of Equation (2) may be 
fiat} selected. For example, let e e= 08 and (when is expressed in 1 seconds) let 


= 120. Values of average rainfall intensities, corresponding to successive 


ducionns of time, may be determined and plotted as ordinates in Fig. 1. 


Lower End 


i, in Inches per Hour 


wale Values of Time, t, in Hundreds of Seconds 


Under the assumptions, the water r-shed, An to receive 


sponding 


duced the use of he. intensities, 4.90, 3.46, | 


>= 


he if the storm is assumed to have intensity for the period 
at t of time, th ‘then, = = in, and the velocities that produce 
time, in the computations, will be the result « a uniform, or 

1a 


intensity for the time of the water- shed. itt > 
tensi “4 Thus, although it is the evident intention to ‘assume 
ty. et over the entire area throughout the time of concentration, the process 


ell Bp lowed in the detail method automatically a assumes the equivalent of a variable _ 


inten 


5 as long, - The particular type of storm thus automatically assumed, not only depends 
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— 
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proper 
— 
intens 


centra 
with t 
y (t), expression the area bounded by the ¢ curve, the 
out ordinate, and the co- ordinate lines, is | f (a) dx = kt-0.5 = — 
=2K 10.5, Then, 2 K £0. 5 divided dby the abscissa, = 


4 


cu. ft. 
‘Tt, for a a period ¢ of 60 min. on the water- shed, x the storm is an average that th 


cag rene of 2 in. per hour and ‘followed the law of the curve, the intensity § 

~ at the lower end of the area would be one-half the average, or, 1 in. per hour, 
while the intensity at the upper end would be infinite. _ Likewise, for the 


intensities of the areas, ete., the end would be infinite and 


: yom juals: 1, and therefore, 


60. Substituting | this of K in letting 
0.5 as in Fig. 1; then, 


Table 1) the individual areal 


K’ K 


tis, time, and A, 


) acre 


a is shaped so the type of sto 
— 
= 
— 
=. 
— 
| 


the In Equation let 1; hen, the at ‘the outlet of the 


i: intensity would be - = 2 in. per hour, which > is the value used in the | 


detail method. 1 However, this process will produce the same time of con- 


centration as the detail method, when and only when. the arca varies directly 


we When _ the area increases ata faster rate than time, the results are a 


Gated’ in Columns (4) and (5) of ‘Table 2. In this case, 1 900 acres X 2.00 
in. per hour = = 3800 cu. ft. . per sec., which is gr eater | than the rate of run- -off 


obtained by assuming that the stile obeyed the law expressed by the curve in 
se. Similarly, (Columns (6) and (7)), 200: acres X 2.00 in. per hour = 


ag ft. per sec., which is less than the rate of run-off obtained by sevaming g . 
that the stor m obeyed the law expressed by Equation (2). with 


TABLE 2. Rares or Run- Orr, Q, For Turee Types or Wat TER-SHED 


AREA, AND TIME, t, = AREA, @, INCREASING Ting, t, INCREASING 
FASTER THAN TIME, ‘FASTER THAN AREA, 


in inches 


» 


The observations lead to four major conclusions as 


1—For a constant of the run-off coefficient, and for t the special 


of water- ‘shed in | Table 1, three facts are noted: 


papel the contributing area, the type of f storm assumed fo follows ws the law of the 7 
When the area’ increases at a a faster rate than the time, 
tol run-off obtained by the detail method is greater than that obtained 
a wae the type of storm is assumed to follow the law of the curve in use. 
™ When the area increases at a slower rate than the time of co 
adeeaibi,: the run-off, Q, obtained by, the detail method is less than > 


obtained when the type of storm is to fpllow law 


_ the curve in use. 
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, the detail method automatically assu mes the equivalent render - 


a storm ‘of varying: intensity, causing a smaller time of limiting 
because of. a ‘greater average velocity of flow (and, consequently, a greater § maximt 
value of Q) 1 than w ould be obtained by assuming | a storm of uniform (or greater 


constant) intensity for the time of the water- shed. _ The use of the rainfall impract 


curve is, therefore, inconsistent with | its making, ‘that while the curve particul 


_ represents a certain period of expected frequency based | on types of storms the effec 
77 oceurring in any variety of ways (averaging in effect a uniform intensity tion, di 


for a given period of time), it is really used to accommodate a system of intensit, 
_ tabling which automatically assumes a different type of storm for every type 4 if 4 


3.—Consider a storm that varies in intensity within the time concentra 


& 


ion, but i is evenly distributed | over the entire area at any moment. If theru-§ 
off coefficient is constant throughout the water- -she d, aye summation off 


the 
discharges from the individual areas is Se: same as that du ue to a rainfall 


with a uniform rate of precipitation | ‘(equal to the avel rage o of the preceding | 
r tes) over t the water- shed for the time period, when, ( and only when) the 


contributing area increases proportionately with the time. 


were 


4—It apparent, therefore , that. neither t the a assumption of a uniform | 


intensity over the ater- --shed for the time of concentration, its approach 


through the medium of the detail method, affords, in all ‘canon, the absolute ee 

Statement.— It is ‘manifestly intention of those who use the detail | 
rational method to assume that ‘the expected storm is one of uniform i intensity 
over the entire area throughout the time e of concentration. The afore- 
ei tioned inconsistency, affording the variable factor of safety, y, is due to the usell y 
velocities that do not obtain under the assumption. Practically, however, 

this factor of safety i is ‘not. of major importance, being usually only a small 9864 

: percentage. I Pr actical visualization of its probable magnitude may be had from 4 "| 
Se a comparison of ‘the values of the factor, P,in Table 3 with those i in Tal Table 4, ae 
raised to the exponent indicated in (28) and (29), given subsequently. ~ 
The values shown in Table 3 are based on the assumption that the type of 

storm is one of uniform intensity y over the area throughout the of con- 

—- centration; while those in Table 4 resulted from the use of the rainfall curve, i f 

of the type, i —., as ordinarily practiced in the detail metho. | 


it should be 2 mentioned that this f factor of safety is varied ‘somewhat by the 
type 2 of, rainfall curve; may be somewhat greater for a given water-shed, 


for instance, when e in Equation (2) is 0.7 than: when e is 0.5 as in emeent 


. Pe In bilder * to arrive at a greater run- -off than that rendered by pe assumption by meat 


1) 
uniform intensity for the area throughout the time of concentration, it 
would be necessary to assume a different: manner of variation in intensity, 


within the period, for ana: water- shed. wt The ‘peak, or rather the peaks, o of the 
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render the greater run-off. Intensities are relative, however, and there is no _ : 


limiting peak, either i n height or duration. 
maximum for a gi 


impracticability of. he ‘probable 


particularly selected for every type of water-shed, the ‘difficulty i in n determining : 


There is, then, 1 no absolute 
water- shed ; and, although it is ere to arrive ata 


the ¢ effect on the 1 run-off coefficient, and the variability of the time « of concentra- : 

tion, due to all physical characteristics of water-shed and changes in 

intensity, — the ee to a measure ¢ almost beyond practical solution. | 

all 3. ALU OF THE ACTOR, P, FOR : STORMS 
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of occurrence of storms” 
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4 Lo} 


0.80} 0.31 
0.34) 0.35 
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0.42) 0.44 
0.48| 0.49 
0.83) 0.35 
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0.88! 0.40 
0.44) 0.46 
0.50) 0.51 
0.85) 0.87 
0.88] 0.40 
0.40! 0.42 
0.46| 0.48 
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0.39) 0.4 
0.42) 0.4 
0.44! 0.4: 
0.50) 0.5 
0,54) 0.55 
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iform intensity for the entire area throughout the hens of 
engineer to forecast reasonable accuracy the 
f erage storm. ‘The solution of the run-off problem 
ly means of rainfall curves, showing the relation between time and intensity 
for various periods of expected frequency, therefore, may, , be adopted as the — 
tandard basis” for economical design. It may reasonably be considered that 
the possible arrangement « of intensities, w vithin the time of concentration, to : 
tender a greater 1 run-off, constitutes 
aes only) ‘may be be taken care care of by a special factor 
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14 _—VALUEs 01 oF THE Factor, P, FROM USE OF RAINF ALL 
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Factor C, The Run- Off Coefficient. —Among the afore- mentioned 
ties in available. data. for the | estimation of storm flow, the run-off coefficient, 
actor C, probably offers the widest range of values for -_water- “sheds with 
ar 
hey similar characteristics ealeulated ‘to affect this factor. . Much has been written 


4 concerning this factor, , and it is not here re considered necessa ry to review all 
‘the many characteristics of a water- shed that determine its value. ‘The 


writers, however, do wish to stress | ‘one e main difference in assumptions ‘for 
— the variation in the value of the run- -ofF coefficient as made by those who 


ise the rational method; that j is Ci is assumed to vary in one | of the following 

is three \ ways (the type of ‘esittnhin as regards physical characteristics, _irregt- 

larities of surface, ete., being the same): 

(2) C remains constant as the time incre 


nparison, to give one > typical example of each of these assumptions. ae a 
by = Assumption (1) is exemplified by Table 5 5 which was used in design “7 


Duratic 
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pio 


pom.) 


Extreme 
Suburban ; 
Suburban 
Areas with 
Areas close 
Business a1 
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may leac 
matter h 


ora giv 
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and, no 
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vert of t] 
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April, 1 
— 
| 0.67 0:89 0.5 
ast-Pre 
mental 1 
— 
“in? 


on IN HAMILTON, ONTARIO, CANADA 


_ Duration of rainfall, | 


tai | Pervious su surface Outlying district Central business, 


0.20 
Table 6 used PY. the City of Washington, D. C., may serve as an example of 
ABLE 6.— —Rv N COEFFICIEN ‘Ts USED FOR Dr SIGN PURPOSES 
IN WAsHINGTON, D. C 
| ond Extreme , suburban areas ‘with 20 to 40% parking and w widely detached houses.. i bam 35, 
| 0.46 suburban areas with widely detached 0.45 45 
0.49 | fuburban areas with widely detached houses........ 
9.54 with 50% attached and 50% detached houses 


. An example to illustrate Assumption (3) has been given? by C. E. Grunsky, 

h Past. President, Am. Soe. C. E., and need not be reproduced for present pur- 
3 ; wit 
rrittin poses. it should be evident 1 to the reader, without further elaboration, that 
on a these assumptions for the value of the run- -off coefficient for use in the funda- 
The mental relation, Q= =CiA (or its equivalent in other letter : designations), 
for lead widely ‘different run- -off quantities for a given: -water- shed, no 
«ae natter how carefully - and how accurately the calculations may be carried out 
irregt- On account of the many varying conditions and characteristics of water- 

eds , accurate measurement of the run-off coefficient is difficult to 

ied «ceomplish. Much of the available experimental : information i is of little value, — 


ind, no doubt, improper analysis of some of the more valuable results is often ¥ 
i writers at this point wish to urge a ‘more unified effort, on = 


inta, but. ‘also ‘future experimentation along following 
Am. Soc. C. Vol. LXV (1909), (325. 
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Mg Pose uant to this thought, the v writers offer the following analysis with the 


hope that the ¢ conclusions drawn will be in future consideration of 


= no one e man has done more and better work than the late Emil ‘Boteling 
. Am. Soe. C. Many, of those who base their ‘computations on Assump 
tion (1), probably | have been en guided by the following five conclusions drawn 


—“The of the from any given drainage 


area is nearly constant for all rains of considerable intensity, and lasting equal 


6— “The said percentage varies directly with the urb an development of 
the district; or, in other words, with the amount surface 
— “The said percentage increases rapidly, and directly or uniformly, with 
_ 3 r= ‘aecten of the maximum intensity of the rainfall, until a period is reached 
which is equal to the time required for the concentration of the drainage 
_ waters from the entire tributary area at the point of observation; but if 
Bie the rainfall continues at the same intensity for a longer period, the said per- 
' centage will continue to increase for the additional interval of time at a 
smaller rate than previously. This circumstance is manifestly attrib: 
--—-utable to the fact that the permeable surface is gradually becoming saturated 
- and is beginning to shed some of the water falling upon it; or, in other words, 
—_ the proportion of impervious surface slowly increases with the duration of the 


‘5 


“The said percentage becomes larger when a rain has imme- 


diately shower, thereby partially saturating the permeable 
_ territory and correspondingly i increas ing the extent of i impervious surface. 
9.—“The sewer discharge v varies ‘promptly with all appreciable fluctuations 


: ‘There can be no doubt as to the correctness of Conclusions (6), (7), (8), 
a) and | (9), but it is ; probable. that some users of the rational method have mis 
construed C Conclusion (5) and perhaps Conclusion (7 * or taken it too literally, 
in forming conclusions regarding the variation of the run- -off coefficient. 


composing the water- increases with the time. wat 


—For the intensity decreasing with _the time, the run-off coefficient 
for the successive individual areas composing the water- er-shed, will - decrease 
--12.—For all rainfalls of considerable uniform intensity on any given water 
ahed (the previous degree of saturation and physical characteristics remaining 
- constant for the separate precipitations), the run-off coefficient for a rain ° 
given intensity will fl higher than that for one of Jess maaan 
Referring: again to Table 1, a simple water-shed with | constant 


physical characteristics throughout. ‘the individual contribu 
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1 the to the the successive “inlet "points | represented by a dz, ag, ete. 


mn (see Column (1), Table 2, 13, ete., equal the av avers age intensities 


water 


falling on the area 18, ete., at the respective times, Ce ete. 
bably Let C's, Cy ete., Yepresent t the respec tive e run- -off ‘coefficients, 
iling, the total areas contributing water above the successive inlet points 


jump equal ete. Let Cz, ete., equal run-off ¢ coe ficients; ts, to, tg, 
lrawn equal successive times of concentration ; and ig, ig, equal cor- 


responding average intensities for Ay Ay, ete, respectively. 
Linage Let r = rate e of retention, in cubic feet per second | per acre. should 


Hence, let the av average ‘rates of retention for the areas? a, 

, respectively ; and for . i, 

Conclusion: (10) may be best illustrated by : assuming a constant intensity, 


eached 4, 


attrib- te, represent, Tun- -off quantities, in cubic feet per second, for the areas, 
of th ia, 23 Q’ = = C's ia, ( 
Therefore, equating, C’, ta, = ia, Ont Oy = 14, — Any OF, 


acd 


Likewise, it may ™ that, considering the areas, Ao, 


iteralls, Consider the water-shed, ond follow ‘the assumption | of the rational 
» gs it method that the maximum flow occurs when the storm lasts as long, or longer, 


mt 


ng, aud than the time required for the water to travel from the most remote part of — 5 


lated t the water-* -shed to its outlet. This would enable all parts of the water-shed to 4 


tontribute that is, run- off from Area aj, , produced by Inten- 


sity i, oceurring at Time ?’;, will reach the outlet when Area’ a, is contributing, 
‘al areas to Intensity i, falling at 
Likewise, the run-offs from Area de, 3, ete., occurring at Times ete 


oefticien rapectively, will reach the outlet when Area a, iS mires. due t 


wate The rainfall that -offs from a1, do, for the 


emaining time, ; at the time run-off occurred the rain had lasted for a time, t's, 


a rain of on on Area Ay, t on Area ag, ete. is: 
sity, < < ¢,, and unless: the water-shed was completely 

< < < C’,,, and the same process of show 


atributig Oy C2 < Og... < Cy. It should therefore, that Genelia: 
sion (10) is correct. at nian 


o Tnten 
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Conclusion eb) as applied to the rational method may be best illustrated 


by assuming g a constant rate o of retention for the individual areas composing 


_ Then, the logic in the case of Conclusion | (10) may be applied to Con- sieaaie 
clusion for i and r for 7’. ‘The result. will be similar 


er ac 


‘inspection, it may be that, when 7 Ve Df, > n, then area 
a practical visualization of the detail ‘method the r: in 3 in. 
Fig. 1 may be used with values of time and average intensities for Areas evapore 
Ay Ay Ag, ete, as shown i in Column (7) « of Table 1, Assuming a constant the tin 


value of r, say, 1. 00 ¢ cu. ft. per sec. per acre and substituting in Equation (9), (if any 
“values of intensities given in Table (Column 0.80; these f. 


= 0.71; Cy = 0.053... Cy = 0.50. 
 Bya somewhat similar process of reasoning, it may be reed that when r 8 it woul 
directly as i a constant value of C results. seneral 
a eferring again to the foregoing: Conclusion (5), (by Mr. Kuichling), ‘five TR i 
assumptions 1 may be made fc for illustrative Purposes follows: 
ae (5) A rain . of considerable intensity, say 3 in. per hour; ues aut alt Sin. pe 
rain of considerable intensity, say 6 in. per hour; 4 

Then, in Equation 0.50 = 500 yy and 50 cu. ft. per sec. Mand (12 
‘When i 00 =0. 3.00 cu. ft. Webena 
ae Stating the foregoing Conclusion (5) by Mr. Kuichling in words would caabliat 
be the equivalent of saying that for a 2 given drainage area the capacity ‘for _ The 
i ~ retention, in cubic feet per second ] per r acre, for a rain « of 6 in. per hour is and the 
rs _ double that for a rain of 3 in. per hour; or, generally, that ‘the capacity for crease 
retention of a giv given area varies directly as ‘the intensity. taxtbook 
It customary in the rational method (and properly, so) to assume a Se 
existing wetness or degree of f saturation, of a given area due to pre: Cone 
This existing degree of saturation will always be one of the mail 
determining factors in considering this rate of retention, and, consequently, s 


med the value of Factor Cc , including its variation with the time. , Although the ind the 
‘requirements of any any particular problem must always tax the judgment of t the 
individual engineer, it may be possible, in a future study of the run- | 

coefficient (through a more unified effort of the profession), to establish some yall over 


kind of standard scale of previous degree of saturation to be used as a. guide ny W. 

Reverting to the consideration of 3 (11) and (12), the rate The 

i retention (assuming a certain degree of previous wetness), may be subdivide ee 
Mi — into three 1 main component parts, namely, evaporation, absorption, and storage Sued, ' 
= 


April, 
4 
— 
: 
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ated ¥ There is no reason to assume any materia difference in evaporation, 


cubic feet per ‘second p per acre, from a | given area due to two ‘separate rains 
of considerable but different intensities. Likewise, there is no reason to assume _ a | 
a materially greater rate of absorption, expressed i in cubic feet st per second a 


per acre, on a given area with a certain - previous saturation from a rain of 7 
ay considerable intensity than from one of less intensity | severe enough | to 


Considering storage, expressed in -eubie feet per second per acre, given 
area may be assumed to have a certain degree of previous saturation. | For > 


example, assume that on wach an area a rain of considerable intensity, say 


then 


ve in 3 in. per hour occurred., It is reasonable to s1 suppose that, in addition to 

Areas evaporation and absorption, a certain ‘quantity of water is lost to run-off for 

stant the time of concentration by storage in irregularities of surface, vegetation 

1 (9), (if any), etc. Before producing general run-off the ‘water must ‘overcome 


0.80; factors. If, at another time, a of greater intensity, say, in. 

_ hour, should fal 

hen Whit would | have like storage ‘irregularities, ete. to overcome before 

) is, therefore, not reasonable to assume that the - storage capacity of 


given area (in cubic feet per second per acre), which i is in condition to. shed. 
its water, | is twice as great for a rain of 6 in. per hour as that for ane of 


toad in. per hour; or, generally, capacity for of) a given area 
Taries directly as the intensity. bo. bus 


foregoing analysis pointe, to correctness of Ooneasions (11) and 


(a2). is not entirely lacking’, although much work is ‘is to be ‘done before eo 
prehensive 1 values of the run-off coefficient due to ) changing i intensities, can be 


The range in intensities encountered in run- -off studies considerable, 


and the present tendency | of many users of the detail rational method to 

inrease Factor C as the time increases (as shown in current publications and 

textbooks), without also allowing for the fluctuation in C for changing inten- — 


tities, seems ‘entirely unjustified. 1a: 


_ Conclusions.—Based on the foregoing analysis the writers make the fol- 


he main ‘lag conelusions, which (it is hoped) may be of some use as guides toa 
quently, selection of Factor C (the to produce run-off 
yugh the “Me previous degree of saturation are assumed to be constant tor whe 

it of the 

run- 13. —For the type of a abies rain- 

ish sowe fy ill over the entire area throughout the time of concentration of any water- shed, iar 
guid wA,, with individual areas, + ag dg, ete. c. (see Table 1), Conclusion 
e rate The increase of the run-off coefficient Cs) depends on the 
us 


tevious degree of wetness, as well as the physical characteristics of 
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he saabeialis »xpected storm for the time of concentration of any water- 


shed, as as An, is of ‘the type that decreases in intensity with the time, there is J} basis 


: a tendency toward a balance in Factor C “(see » Conclusions (10), (11) and (12)). larger 
average rates of retention , on the individual | areas, ay, Ao, 3, - An, OF the tin 


the : areas, A var: ing -direetly with the respective intensities, surfac 


= Since it is manifestly t the intention of ine users of the detail process of the the sel 


' - rational method to assume | a storm of uniform intensity over the entire area § sets o: 
= ~ throughout the time of | concentr ation, the variable - factor of safety (mentioned freque 


herein under the heading, “Use of WR: ainfall Curve” be considered criteri 
ing 


= from the assumption ¢ due to the use. of fictitious velocities. Tn this Th 
~ 
case Conclusion (13) applies i in estimating ‘the run- from a any water-shed, A, values 

However, while the run-off coefficients, 0%, C's, » O's, ete. correctly apply physic 


(under the assumption) to the areas, ay, a; 25 Ag, ete., in the ‘Process of esti- 


mating the “run- off -eollecting? at the outlet of the water- shed, A,, they do not Su; 


areas 
a... epresent the proper values fo yr use in the econo mical d design of the drainage f ( 
system. design purposes Areas Ay, Ao,’ Az, ete., ‘must be conside red as 
separate sheds. For instance, Area A,, because of its shorter time of 
ct 
concentration, may be expected to receive a higher intensity than Area &,, and, ~—— 
ay 
consequently, a higher run- -off coefficient than whos alue used for it in esti 
Granting: the correctness of Conclusions (10), (11), (19); selectex 


and permitting 1 the use of velocities r resulting from the detail method, the liges 


users of the customary tabling process, str iving for ec conomical design through: ae 3 
+¢ out the water- -shed, should consider both the magnitude and duration of inter- fe 

Suggestion (a) —In ‘regard’ to the application of intensities the rational provisi 

method treats a given drainage area as a separate water- -shed above each inlet (es oul 
“J point in in succession on the m main channel of fi flow, the smaller area 1 receiving a a dry at - 
higher: uniform intensity throughout its time of concentration than the larger, vill be 


of which it is a p: par t' Those who use a constant run-off coefficient for | a given I coefficic 


type of territory (Assumption. automatically assume, therefore, whether actual 
a a intentional | or otherwise, that, as progress is being made on a given “rainfall water-s) 
curv the average rate of retention on each “successive 


y's water-shed | varies shed ar 
directly as the intensity used ; that is, that a balance i is set up| in the coefiicient, ‘erage 


increase “due to ‘greater average degree of saturation balancing the logethe: 
decrease due to a lower average intensity. 


Stated it in another way, the adoption of a constant (with respect 


to the time of concentration) for use with curve, iy me 


will a between the af increasing wetness lowering 


ne intensity. _ Although: the rate of retention may vary in different degrees for 


areas of dissimilar physical characteristics and and the types of rain- 


fall ¢ curves ‘somewhat, view of! the extremely of 


— 
= 
| — 


is % 
»)). areas portion contributing ‘desing the first 60 to 120 x min. of 
or the time of concentration), | on hich it is to assume an unsaturated 
ies, surface condition at the outset of the maximum run-off producing intensity. Be? 


aut he making of ‘such tables, “among other considerations, would involve 
the the of the best and would necessarily provide different 


r location. he “60-m min. ordinate ‘eould be 


use of such tables would entail. ‘the assignment by the designe of 
eee values of the coefficient to individual portions of the water- shed lon t the basis of a 


physical characteristics, the column representing the frequency period of ‘the 


frequency “periods 


2 
curve in use having first | been determined. 
wr 3 Suggestion (b) —For the smaller w ater- sheds and the portions of the larger 
ia areas (say, the | por rtion contributing during the first 60 to 120 min. of the time 
nag 
me concentration), | it may be feasible in the light o of future 2 experimentation to 
| devise a set of curves (or tables) for elementary : areas providing for both the 
ne of | 
ond. effect of time and intensity on the various soils, degrees of perviousness, etc. — oe 
ans Bilt may be reasoned ‘that the use of such curves (for instance, in the detail 
ne process would r require the estimation of a an | average value of the coefficient — 
for 1 the entire area above each inlet as new values of the were 
1, the ment.— The uncorrected results of the tabling processes will, 
‘ough: case, include ‘the automatic error (or factor of s safety above the assumption 
uniform intensity “over” the entire area throughout the time of 


centration) noted | under the heading, Use” of Rainfall | Curve”. Where 


tional provision is made for consideration of the effect of both time and intensity 
inlet (as outlined under Suggestions (a) and (b), for water- sheds comparatively 


ving a dry at the onset of the maximum run- -off producing intensity), a similar error 


larger, | will be automatically included due to the use of an average value the 
given wsefficient the successive water- sheds above each inlet point, instead of the 


Jnether s. T he magnitude of this latter error (for od 
-ainfall ‘ater- of characteristics 
varies shed and the degree of previous wetness ‘assumed, and will be ‘smaller on . the 

iF 
ficient, J verage, than that of the former. Both | errors are. on the side of safety, and, ae 
ng the together (considering the approximate nature of the problem), . are not. of very 
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Papers: 


ay) 


Ry 600 the time being expressed in seconds; or, 

‘Velocity may bee expressed by t the Chezy f formula 


Substituting these values of K and v in Equation (11), aust 


q 


Comparisons. should be of interest here to digress temporarily, and 


convert ‘Equation (14) ) into, the form of the ordinary empirical form moula, 


form: 


f S = fall in feet per 1000 ft. of channel, or —: if the supenent, e, 


ise given ‘the value of 0.5; and if Ry= R, (the intensity i in inches per hour fora 


period of 1 hour), then Equation (14) becomes, ob 


ait The ordinary empirical formula a takes no acc account of the shape of the 


_ drainage area; it is usually customary to assume (which later will be shown 


eee 


2 or some constant times VA , Assuming, 2 for, the purpose of illustration, that 

Equation (16) is correct, ‘and substituting i in Equation (15), 
he It is interesting here to observe that Equation an ‘results in the well 


known n Biirkli- Ziegler ‘formula when 10.67 (c. vr is 


considered as single run-off coefficient. The Hawksley formula may be. 


reduced to similar terms for of and A as shown’ by the late 
Since these and other empiried 


formulas: negleet the ‘iia of the tiie area, do not vary the fluctuating 
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assume, that L = = K oN A, not only presupposes a constant exterior 


rag 
‘course, erroneous. 


3 
L 
et 
4 = 

= 
fe} 
fe} 


the medium | a the L should be retained, § 
effect of velocity in the main. channel 0 of flow should be allowed to vary. a —— 1 ny 

> 
| 4 In | Equation (14), the expression representing var ying velocity, as far as ashave 


and condition of the main channel of flow are concerned, (c / an At the % 


present time, Kutter’ s formula for c in Nr rs is probably used n more w idely than 


“any other ; and, on account of its general adaptability to all shapes and con- = 


..(18) § ditions: of channel, it affords a feasible basis for a variable velocity factor my 
in run- -off ‘Since the velocity varies inversely as the» time, 
velocity factor, evr, in a run-off formula, carries the exponent of f the time, é. 
.. (14) Dae to the construction of rainfall curves this exponent var ies in practice from 
about 0.4 to 0.6, the average probably being: approximately 0.5. 


In order to visualize more easily, the effect of the, fluctuating of ¢ r 


run-off, the writers made many listings from “Hydraulic and Excavation. 
ent, @, Tables”, published by the United States Reclamation Service. ~The ‘process 
J consisted of assuming first, a definite shape of channel, such as a circular pipe, 
ir fora Bora closed rectangular box with a constant ratio of width to height. | For a 


a definite shape of channel on a given slope and Kutter’s n, the hydraulic radiu: 
OR was allowed to wey on the corresponding velocity was s selected from the hydraulic — 


4. tables, and the values of Q, area, ¢ and c Nr rere calculated. 

of the FE It was found that for any on one definite shape of channel. on a given slope - 


shown and Kutter’s n, (c N ‘r) di div ‘ided wad remained constant for all 
rales of ¢ Vr gr greater than 50 to 60, Or, 


ete 


in which, represents a constant. More ‘recent experimentation has shown 
that Kutter’ 8 formula i is somewhat in ‘error very small sections, In 1 select- 
wl) ing values of 3 (obtained by solving ng Equation (18)), « choose from the 


he well- Hydraulic Tables of the Reclamation radii values: 


may be | ‘eetions, which are closer on the average to recent experimentation than those i 


given by the use of Kutter’s formula. In any case Equation offers” a 
-Tasonably accurate basis for ob aining a variable velocity factor, representing 


he and — of the main of flow, run- formulas. The 


the late 
mpirical 
ctuating 


©, is ofc greater than. 60; velocities may then ealeulated, for the smaller 4 


value of the average velocity, or its function (c ) , and make no allowance 
all for a variation in the nature of the rainfall curve, results accurate enough for a nn 
general use cannot be reasonably expected from their application. 
of L is independent of A, not only since the area may be any 
shape in so far as the exterior boundary is concerned, but also because the 
(10) pater concentrate to ain anne nm her of wave 
— 
| 
- 

— 

— 

— 
rer. 5 

2 

7 


hydraaiically, (ce. Jr = Qs, ore It must be remem- 
bered that the term, a; occurring in E quation (4), the #7 erage 


value ofe Vr determined by the average ity of the water in running 
from the most remote part of the water- shed to its outlet. In this” equ ation 


‘Methods of of P are subsequently in this 


Substituting s = F000" and the value of (c “shown in Equation (9), 
by C ARy Pe N** Q4 tras 


From E avetiqn (18), , that is, NV but = area 


, in which, represents a constant, (ee Appendix 


a 


Substituting this value of N2¢ in Equation (20), 


; 


=" €000) 260 | (GA SL Bed. (24 


be derived from 


information, while A and L must 


Equation (24) is a general expression for the value of | Q with seven main 
factors: A. P, and L. 7 Factor C, of course » Should be. determined 
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April, 1 ai 


Factor F — with the heen wa condition | of the main n channel of flow. 


for this factor may be s selected from T Table 10 Appendix II. 


may be selected from ' Tables 3 The method used for the 
- derivation of the values in these tables is diseussed in another ky of this 
“paper. ni bar = i yaiwellol to seu 


actor Ry is necessarily “involved w ith H and The combination renders 


flexibility in the choice of the time period for observation of ‘rainfall data, 


i 
the type of rainfall curve, and storms of ° various expected frequency periods. 


Thus, for the smaller areas, it may. be found advisable to choose 1 hour as the _ 

guiding period for rainfall observation, in which case, H = am 1 hour, and tty is 

represented by R,. | For the larger areas Parumasiannes may make | more feasible 


the adoption of longer time periods, as 12; 4, with Ry = Ry 


Rj, or F,,, as the case may be. Thus, when po a , the expected rainfall — 


may | be in. for a of 6 hours. T ‘he average ul 

expressed i in inches pon own, fora 6-hour period, equals Ry = —— = =: 0.7 
ae | The exponent, e, of the ‘time in Equation (2) determines the type of rain- — 


TNADEQUA acy oF EmpiricaL Formu 


with Att this “point, the reader g Zain, by comparison, a more thorough com- 
=x 

= prehension of the inadequacy of ‘the leading formulas of the empirical type, 
the construction hich | offers opportunity for variation only i in F actors A, 


(20) 


the average rainfall intensity, ‘in inches per a period. 


This i is is, of course, a a specialization of Ra. inves 


The “exponent, of Equation (24) is necessarily ‘given a constant 
value in any one empirical formula, thus rendering inflexibility in the choice © 


te 
ee ey Factor P of Equation (24), is, in any one empirical for mula, given a 
constant value. The ‘reader may g gain some conception of the range of varia- 


tion i in this factor by a study of Tables 3 and 


‘ol In the same manner, Factor. F of E quation (24) is 9 in any 
—- one empirical formula by some constant. Opportunity for measuring the effect 

run-off, in shape and condition of main channel of flow, 
is ‘thereby: rendered impossible. (See Table 10, Appendix IT.) 
“y 32 (© In the empirical formulas, in which the length of the main channel of | 

. 24) fow, L, does not appear, the effect on run- -off due to the shape of the area 
¢annot be The absence of L entails the assumption that ‘it equals 

some constant times A an exponent, as L = K A precluding 
a Bi possibility of weighing | the effect on run- -off caused by varying the ‘shape of the 


water- shed ther i in external boundary or manner of internal concentration. _ 


= 
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own. For example, should the rainfall data for a given locality point 


ne use of a curve following the e “equation, i = a6? and ‘home it be 
isable to use a hour time then i-=- =12ande=06. 

4 

Substituting these values, “Equation (24) reduces listaies to 


td Thus, when H and e are once adopted, Equation (24) reduces bed the seven 
main with | definite ration (28) prefixed with a constant. Where a 


parts, such tha (CA Ry) 176 forms one nomograph, and F'1.412 §0.265, 


vy another. 0 The formula also lends itself to quick solution m by log-log slide- rule. 
To find the time e of concentration compute the value | of i from Equation . 
For this p purpose, Q is determined from Equation (24) reduced. The time, t, 
may then be read from a curve of Equation (2). " If there i is no diagram, 4 in 


“minutes, may be , computed from ‘Equation (2) by substituting for K its value 


Equation (12) and dividing the result by 60; thus, prt, | 


Special Reduction ¢ of Equation | (24) —It i is realized that occasions may arise 
necessitating the estimation of run-off in territories where adequate rainfall 
records are not available. Even in localities where available records’ vary 


- 
somewhat from average conditions, it may | be found unnecessary, or economi- 


cally. inadvisable, to go into great refinement in the making of rainfall curves 


_ a Mr. Grunsky® and | others advocate t! the use of a rainfall curve of the form 
of Equation (3). Moreover, the writers have found that it applies very - well to 


conditions i in Southern California, as, for example, it conforms very closely to 


Control Department, and the Los Angeles County. Storm Drain Divisin 


twofold  purpoee, in (a), to a formula which ‘will be 
- approximately applicable for general use; and (b), one which may very readily 
be used for making quick transitions to other types of curves as subsequently 


alle ih Equation (24). if e = 0.5, g = 0.2857, 


15) {0.5714 ™G) (CARY -1429 §0. 2148, 


“To 


a <x the curves now used by the City of Los Angeles, the Los Angeles County Flood | 


and si 


writte; 
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ince the expression, = page quation tion (27) may 
Tho reins Ho. 0.5714 (CARH F By!.1429 §02148 busts 8) 
inw hich, —— = B, which may readily be obtained by slide-rule. Ye mini 4 
(28) reduces to two variables if the time period, H, is ‘adopted, and 
the Ry value is determined from the relation, Ry = Hence, when H = 
“Whenever the adopted rainfall curve varies materially from E quation 


vould Use may be made of Equation 1 (28) to give an appr approximat te value, of Q to 


two 
ee Substitute the values ‘of Q, Cc C, and A, of Equation (28) in Equation (1) 
ied 
and solve for i. Then obtain the ‘ time, t, in minutes, from a diagram of Equa-— 
tion (8), or by solving Equation (26) . Using this value of ¢, obtain 2 a cor-— 
responding value of from the curve in use. With this value of solve 
Equation (1) for a a corrected | Q, which will be a close approximation to = 
quantity, of run- n-off to be expected from the use o of the adopted rainfall curve. 


aa Factor P has been defined a: as the ratio of the average velocity of flow to 


wdocity at the outlet of the water- -shed, based on average values of § and F or or 


‘Upon ‘inspection of ‘Equation (24), reduced to its seven main factors— 

hae 0,A, Ry, s, PF, and L—it may be readily “seen that: w hen average values a 


vy arise fora given water-shed are assigned to Factors S, F, C,and R H (these fac tors 


rainfall then assume the réle of constants in the formula), the variation in Factor P . 


is vary is determined by the remaining two factors, A and L The fluctuation in a 


2onom!: Factor therefore, depends on shape of the drainage area, both as to 


ne form Bett is evident, of course, that P may have an infinite number of values. 


well Since, in any rational method of estimating run-off, inlet time must be con- 
y Flood sidered, ithe value of P is further ‘complicated. Factor P 
with in which, t= = time concentration ‘of the water-shed, including the initial, 

or inlet, time of the first small area, or nucleus. ~ 
Before attempting to devise a table of values. for ‘Factor P it was neces- 
inne uently sary to investigate both the use of the rainfall curve and the run-off coefficient 


as its variation with the time). The reader at point 


ti 
actor For a apie area 
The use of a factor, increasing give a value= 


somewhat low ver than a constant 
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The ‘use of a factor, C, ve the time would give ea value of 


©) The type of storm assumed Ae a given water-shed has a eds wm 


on the expected run- -off. This effect. influences not only run-off coefficient, 
but also Factor P. Tf, for a given area, it is assumed that the storm See 
4 time of concentration decreases in intensity with the time, a somewhat higher 
alue of P results than that for the that the storm is one of 


The effects on actor P of he foregoing considerations under 


ort the other. The latitude for variation in the run- result t, due to errors 


for Factor C, Ry, and F, in comparison; 


judgi ment in choosing values 
» on account of the many varying entering into the estimation 


of: run-off by any y method, the. engineer, as far as practicable, should be able. 
pee visualize all limitations or advantages of any particular fo formula or system. 


as Estimation of run-off inevitably depends to a great extent on individual 
‘The writers, in ev olving formulas, are ‘merely a attempting to aid 


_ this judgment i in a quick solution. In the face of so. many variations it would 


84 be highly i impre racticable ey attempt a ‘mathematical solution of P for the pur 


- pose ‘of making the tables of values for use in the formulas. It is possible, 


Sie, to establish workable tables by trial method, ‘that, should be far 
‘superior at least to the use of. a constant: (single) value of this ‘factor, as is 


automatically done when an empirical formula is used. An average, or con- 


stant, value of C was used in preparing “Tables 3 and - 4. The values in 

able 3 are based on the assumption of a storm of (or constant) 
3 intensity for the of concentration. Hence, a co constant intensity 
= was used on any ‘one ‘area type shown in Fig. 2. i Table 3, there 


should» be when assumption is that the expected storm is 
one of uniform intensity for the time of concentration. — Referring to Con- 
dlusion. (13) under “Factor The Run- Off Coefficient” (Part I), it may be 


seen that that the use of this table carries with it a ‘small factor of safety, which 
o£ is comparable with, but smaller than, that automatically assumed in the usual 


detail process ¢ of the 1 rational method (see “Statement” following Conclusion 
(4)); and its” we, rather than, being objectionable, is to be commended, 


especially when the possible variation n in| types of storms is taken into 


The values in “Table 4 were evolved through the use of a rainfall curve of 


2a the type of Equation (3), in the manner | ordinarily used i in the detail process 
of the rational method. This table, therefore, involves the small factor of 


ae safety resulting from the use of Equation (3) as ¢ ordinarily “practiced in the 


— -Values of Pi in Tables 3 3 and 4 may be used in any formula reduced rus 


Equation (24). 
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In 

the factors, S, and P, were on any one area a type. with 
3—In the case of Table 4, a ve alue (any practical value) for each” of the 

factors, S, C, Ry, and F, was chosen, the same values beit ng used 0 on all areas, = 
—The areas were subdivided for concentrating the water to. the ‘Main 

channel flow (shown on Fig. 2). anticipating, as far as practicable, actu- 


—alities to be met in in drainage practice. For purposes of interpolation the 


“manner of concentration along the main ch channel of flow was designated 
advanced, medium, or delayed, concentration. . What constitutes the three 


7 types of concentration ‘may best be ascertained by studying ‘Tables 3 and 4, A ‘ 
and Figs. 2 and 4, Extreme delay or advancement was avoided. 


ie was “necessary to assume a beginning nucleus, or initial area. For 


oe « 2 the purpose of striking the best average a square nucleus, with the value of 

; 4, Por the purpose of a sufficient 


range for values of to meet the varying values 


of yy ranging from 0.1 widens -0, were used on the various area types. _ The value 


of P, =- is for use in Tables 3 and 4 through to repre: 
in which, f is a read from Fig. 3. 4 work 
these 
out 
these 
: 
creek: 
large 
& 
= area 


realiz 
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Fic. CORRECTION FACTOR IN Equation (30). 


areas et f the same shape and manner of concentration the value of 


is the same (irrespective of the size of the area) for a a given assumption of 
ae on the nucleus. - However, in order to have the same manner of concen 
tration, , the nucleus « of each area 1 must be of the same shape and must v vary in 

ith the area of the water-shed. It follows, then, that when the siz 
oa and shape | of the nucleus remain the same fr all areas of ‘similar shape | and 


| manner of concentration, the value of P changes somewhat with the area. 
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In Tables 3 ail ic. a constant nucleus wie used; hence, the variation in P 


4 = mt 


| 
ing to de efine e ch sha 


in square feet, divided by L. Hence, __ 


43 5 i 
_ Fig. 4 will be found useful in the determination of delayed, medium, or _ 
advanced concentration. This diagram is intended to be u used as an aid in 
determining ng the x manner of concentration. The numbered 1 points refer to the — 
area types shown on Fig. 2. The relative positions | of the various points for 2 i. 


ficient 


a given value of P’ were determined by using values of P for abscissas 
me 


values shown on the diagram) to attain compactness, and — for ordinates. — 
value 


rs been determined, and the area type on Fig. 2 (most nearly 
— : representing the area being studied) ‘selected, enter Fig. 4 under the value of 
P’ and note the of the | type with respect the concentration 
lines marked ‘ “Delayed”, “Medium” » an and * “Advanced” ; then enter Table 3 or © 
‘Table 4 under the heading of the concentration chosen o on ‘Fig. 4. eee | 
ae The manner of concentration of a -water- shed, designated in this 
quantities of “water gathering to ‘the: main 1 channel of flow. In small a areas 
‘these relative. quantities may be contributed by individual ‘subdivisions with- 
out well- defined channels of flow (such as a city block) ; ¥ in larger water-sheds a 
these contributions may be 2 represented by laterals; and i in still larger ones by ee 
creeks, or rivers, as may be e visualized by a glance at a topographical map ¢ of a 7 
large mountainous area. _ Hence, the area types on Fig. 2 may be used for an 
area of any size, the sketches s being intended only to aid the judgment. It i is 
‘realized, of course, that the method is not perfect, that i it is capable of 
expansion or “improvement, since there is no limit to the number of area 
yet the writers hope that it may at least be helpful. 
_ Although it would be impractical to solve mathematically for all values of ‘ 
P, the following two analytical solutions may serve to help the reader in form- _ 


we 


"Tet Fig. 5(a) and Fig. 5(b) represent. water- sheds of 


“tangular ‘shapes, as shown, each subjected to to uniform intensities, the 
being” assumed to concentrate uniformly to the main channels of flow, ‘desig- — 
nated by the heavy lines. The run-off coefficient is assumed to be constant, " — 
and the velocities (combining Equations (13) and (18)) in the main channels — 

0 tow are determin 
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April, 1931 AL RUN-OFF FORMULAS 
—The Triangular We ater-Shed.—In Fig. 5(a) the shape of ae 
water-shed above any point on the main line is the me; is, Lea or 
‘Under the foregoing assumptions 


the n main line, varies directly as the contributing area, or *o« x as a and, hence, 
Since v « (4 Equation (L? herefore,v « t, 


in which, M some consta 


expression for the area, v t ( M t dt, or 5 and 

or the average velocity, is one-half the maximum n velocity. 


— —, under the for foregoing assumptions, is 


< 
a 
< 


Ss. 
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1G. 4.—GuIDE LINES TO A 


_ TRIANGULAR WATER SHED RECTANGULAR WATER 


= 5.—DIAGRAMS TO INDICATE THE USEFULNESS OF THE Factor P art 


Example : he Rectangular Water-Shed. —The value of P for this shape 
ie an impractical one, because the time of concentration of. the water to the 


main n line; can 2 not be taken into account ; but its determination i is. of value for 


— 
— 
4 
— 
| 


: oo inspection tl that the length, Lie (measured f from | the top of the 1 water-shed d to any 


F point on the main line), varies directly as the contributing a area to that point, 
orLa« A; and since (as before), « A, then Q Since v vx v Li. the n 
- = 
area, v (= L), and - igs 


average velocity. r 4 Thus, , the. average e velocity is three- fourths. the maximum 


Remarks and —Fig. 5(a) represents a closed water- shed, the 

water concentrating uniformly to the main channel of flow, and, since the shape hse 

of the -water- shed i is | the same » above points along the main line, the value of P (eit 


; Fig. B(b) x represents | a water-shed which is not. closed, since no time has been 


allowed = the water to concentrate to the main channel, designated by the The t 

e The value of P= , as deduced in Example 2 , is, therefore, of chann 


"significance only i in n illustrating 1 the values in Table 3, evolved fr om the practical 

oe Referring to Types 1 to 9, inclusive, of Fig ig. 2 raid to Fig. 4 and Table 3, 


it may be noted ‘that, for a given value of Py, ¢ the value of becomes higher 


AS increases. The value of P =- (for ‘Fig. as 
yr increases, ses, the initial delay being: caused by the natural division of the . wale 


¥ 
in concentrating ; - hence, the choice of = as a guiding influence in the de ter- 


_sitated by the inclusion of varying values for P’, or the provision i assign nein 
of an initial time for the inlet area. This provision was ‘made in ord er 
d at to. create possibilities for the broadest use of the formulas. It is evident, eae 


+ however, that for many water-sheds, especially the larger ones, the consideration 


the i inlet area as a separate entity, may be unnecessary. In this cast, greate 
bh water- shed i is neither delayed, nor advanced by the inlet areas, and its con” < 
dition at the outset of the maximum run-off producing intensity is for b 
requiz 


the falling water to begin concentrating immediately, to 


il 
me 

x 

outlet 
smal] 
mays, 

eh 

= 

‘ag 
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= 
any When the inlet area is not the stops; 8. of the water- 
joint, shed must be based on the total slope from the most remote area (including. 
the to the outlet, and the of in 3 must be considered 
~— : ee increases (see Table 3), the values of P decrease under the wee 
: waded by the higher values of P’ and increase for the lowe er values of Pt. The 
(35) convergence of these values as - — is approximately 
all practical purposes, the of P Gin Tables 3 and 
it on Tue Inver EA, rNucteus 
Ta any method of estimating ‘own: -off special consideration i many 
a cases should be given to the choice of the beginning area of the water- shed. 
The time of concentration: for ‘the -water- shed includes the time required for — 
a the water to gather i in the first small area, or nucleus, and tr ravel to a defined AA 
ore, of channel of flow. 7 ‘This 3 beginning area is a smal] water- shed and its time of 
satin concentration. is the time required for the Ww ater to travel from the most remote — 
actica 
wt ; portion to | its outlet. ‘The a average velocity of the nucleus may be defined a 
the distanee which the water must travel | from the most remote portion to 
a 
a outlet, divided by its time of concentration. e This average Vé velocity, i in ‘the sam 
om small nucleus: (such as a city block), 1 may consist of flow. over grass plots, drive- 
hed as 


a 
e water 


Ways, and gutters; in rural areas, it will be retarded by vesstation, or increased a 7 
for those who use the detail process to an inlet time, 
vhich i is based on field observations. “ Reliable data on inlet time are ‘scarce, 


For some water-sheds the run-off formulas herein may be applied 

separate of the nucleus. For all water-sheds the formulas: 

pm be used to approximate | the expected value of Q and to estimate | times ania con- 


assign" 

in order § 

evident, 

deration for a high intensity will be shorter than that for lesser ones, due “only to the ' 
is “case greater quantity | of water flowing. If the ‘surface is not saturated the time of S 
sts 5 CoD: concentration for the greater intensities will be shorter than for lesser ones, : 
sady fot due both to the greater quantity of water flowing and to shorter period 
‘equired for saturating the surface sufficiently for run-off to occur. 
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et” In any method of computing run-off great care should be used in choosing 


thes main channel of flow on which the time of concentration for ‘the water-shed a 
| 
a!) largely depends. - he run- 1-off, Q, sought for a given water- shed i is the maxi- § tively. 
mum that may be had for definite assumptions on rainfall. For some areas BS 
with extreme contrasts: in 1 values of characteristics ‘governing the run- -of 
_ coefficient, and slope, s shape, and condition of the main channel of flow, a pat § -* 
ofa given -water-shed may be found to give a greater run- -off than the while | 
—— Experienee i is of value i in the choice of the. main channel of flow; ha even bes 


it may sometimes be found to determine it by trial. 


or, j inv 


: De. he initial area, or nucleus, is a part of the water-shed (and the alge: L, 
‘the -water- -shed includes Lr’ the nucleus). "Consequently, the choice of the 


4 
_ good conception of the influence of the nucleus may be had from a study of 


mueleus plays no small part it in the determination of the maximum run- -off. A 
Tables 8 nates end oi bor PEL _ by 


and 
Heretofore, in using formulas for the estimation of. run-off, the writers 1848 4 
~~ have been unable to determine ; a practical method for calculating the average tions b 
a slope. — Of course, the slope eee be that of the main channel of flow, that “ 
is, the channel which determines the time of concentration of the water- shed, 
average hydraulic slope is not the average of the various slopes 


* weig eighted by the individual lengths, the sum being divided by the total length eins 
as, = 1 8, + Ly S, etc.), in which, 1 the sum, L, 


inspection it may be seen that this average slope is identical 

with S = , which would be easily ‘obtained. 


Average hydraulic slope depends on the velocities induced by the individual a 
slopes. The average velocity, therefore, will be induced by the true average 


draulic slope. Since the av verage velocity equals the total length divided by 


‘the time, or v = it may be seen” that the true average hydraulic slope is Usi 


which, with a given quantity y of water flowing through length, will 


~ cause the same total length of time to elapse as that consumed in traveling 


the slopes Si, ete. 

In Equation (32), v= N? Qt ‘8, oF N? Qi. Sinee N 


(according to Equation (21)), S gt. but time, varies as ‘tenth substi 
divided by velocity, or t It follows, therefore, As 


F 


average hydraulic slope is to cause the same lapse of | time as that 


he water traversing the individual. slopes, S 


x 


Bus, 
7 
| 
= — 
| 
sy. 
Equati 
| 


ATIONAL RUN 


orr— 


= —, etc.. s ——, ret 


ta 


i 
Example 3—F and Constant. —Kither sor may be used throughout: 


ie F and Q, being constant, drop rags from Equation (36) and assume Dy : L 
1848 ft.; with S,; = 90, and = 8316 ft., » with Be then (computa- 
verde? tions by slide- -rule) substituting these in "Equation (3 6), = 1.131 sand 


ait 


r-shed. 
| A check on this answer is as follows that Q= = 200 eu. ft. per see. 


Slopes and that = 6.63, then by Equ: ations: (21) and (82), 


lentil Substituting the assumed in Equation (37), Ve: = 28.3 3 ft. per see. : 

Similarly” (see Equation (37)), 0.03 X 3.76 = 5.0 per sec. 


655 sec.; and t= t, + t, = 65 + 1655 = 1 720 see. 


‘slope i Us sing the average slope, S = 1.89, in Equation (87), 0 = =f 91 ft. per sec. ; pee 
1, will and = 720 sec., which checks the time individual 


_Bzample 4.—F Constant and Q Varying.—In this case, only F drops from ize 


baa 
Equation (36) Assume that Ly = 1 848 ft., , with 18) = 90 and = 10 cu. 
gn os per sec., and L. = = § 316 ft., with Se = 0.9 and Qe = = 656 cu. ft. per sec. yaoi : a 


as length substituting in Equation (36) as before, si = 1.41, and S = =2 .50 ft. per 1000ft 


a check, assume that, F= = 6.63, then, Equation, (37): 
as that x 0. 0.3 x (1.776 = 13. 36 ft. per sec., and sn: Similarly, 


; 
_ 
7 Le 
a BS 
— 
; 
— 
— 
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(see Equation (37)), v, =6. 76 ft. per sec. and t, = 1 1 230 sec in E 
= ft. 9 LZ 
(actual the), 


sae the average 2 slope, S = = 2. 2.50 i in . Equation (87), v1 = 3. 49 4 ft. per ‘See, 
= 530 sec. Likew1 180, U, = . 9.94 ft. per sec., and ¢. 


= 837 ‘sec. As before, = = 83 30 4 837 = 1367 sec. , Which checks 


Example —F Q Varying— —In this: case, Equation (36) is used 
‘directly. For instance, assume that L, = = 9240 ft, with a= 90, F, = 5.0, 
and a= = 200 cu. ft. per sec., 392 ft., with S. = = 0.9, Fs = = 7.0, and 


Substituting the alues in “Equation aC 36), § 2 65 and 


g= 13.52 ft. pe per 1 000 ft. A check on this average value of 8 may be 


x, 


Practical Use of Method. —The foregoing method of estimating the true 
average hydraulic slope will be found useful, no o doubt, in general hydraulic 


main line of flow of the water- shed changes materially. shiv 3. 

In the run-off formulas the exponent: of the slope is, of course, deter- 
ae wlsed by the type of rainfall curve. For instance, when the curve is of 


type of Equation (2), and e has the value 0.4, 0.5, or. 0. 6, there. results 
approximately "214, 205, respectively, for use in the run- -off formulas. 


account of these exponents: in the average formula, 
extreme refinement in estimating the average slope i is unnecessary. _ How 


“ever, the extreme differences in slopes of sections of main “channel, 
a in ‘many water- sheds, require a rational approach to the true 


average slope. The refinement resorted to. should depend | both on theme 


z differences and on the requirements of the particular problem at hand. The 

es water: shed may be divided into two, or more, parts, according to the judg- 


When the expected ‘storm is assumed to have a uniform | (or constant) 
intensity for the time of concentration, varies directly as the product, 
CA. 3. may be seen, ‘therefore, that, to this assumption, “the product, CA, 


Produets_ Ci Ap C2 Ax Cs As, , ete., represent the average relative Qy 
etc., contributing to individual slopes, 8 2 Ss, ete. respectively. 


Since the relative Q, in the foregoing ) ‘method for estimating the average 
Slope Equation (36)), carries: the exponent of —, its value. (or product, 


= Substitution of for in 1 Equation (36) renders a fairly close ‘approxims 
ion for the average slope. — Mg 


btained by t using g st. 
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‘Having observed the foregoing method for estimating the average 
pee it should be evident that the following equation may be used in arriving 


—— at the average value of F, for use with the average 


proper assignment ott to the run-off coefficient requires an 
4] ‘intimate knowledge of all the various factors affecting run-off as well as a fund © ; 


. true Hof experimental information from which to draw. The refinement to which the 


raulic engineer should resort in establishing its value depends both on the particular 


slope problem confronting him and the reliability of available information. 


Values” for Factor can be secured only through experimentation by 
deter- J obtaining field measurements for A, hd and Q; and solving by Equation (1). 7 


is of § Some of the information presented i in current textbooks and past and present 
results publications has been procured « on this basis; various tables of values for 


mulas. §§ (especially for use in storm drain work) are listed. However, much of ‘the 


rmula, § available information is of a a conflicting nature, due in some cases, no doubt, — 
How- to unreasonable conceptions, and in others to conclusions drawn from insuf- 


annel, ficient data concerning the many varying causes of fluctuation. 

e true There is, no | oubt, much unpublished information ‘possessed by many of the 
. these larger £ flood- bat organizations and others, that i is used privately, but which | 


~The 3 of potential value to ‘the profession generally. Some of these data are a 
judg: ‘ - issued from time to time in local publications, while many are retained for aid © 


i in the solution of local problems, another portion being still i in the experimental " 

roduet, Libera | contributions of this information, coupled with a systematic 


t, CA, ‘gan by the Society of existing available data, could be made the first ‘step 
fi ina more thorough analysis of F Factor C with t the of e steblishing 
tables of general value to the profession. 
etively ‘Such’ tables could not be final; experimentation be 
average fF in the future; but a more concerted effort: of the profession i in analyzing. data _ 
ar on the run-off coefficient would not only be 2 of temporary v worth, but its results 


oroduct, . should point the way to better experiments. oa To this general fund of informa- 


wart 


tion the reader is referred for values of the run- -off coefficient. 2 Reference is 
also made to the conclusions herein under the heading, “Factor The Run-off 

yroxima- At present, average of for a given. water- -shed are arvived at 

that ‘many through | comparisons with experimental values: ‘obtained on areas of 


“tomewhat similar characteristics and size. When a water-shed 


vin parts the average, C,, is, of ¢ se, the weighted average of separate 


hs 
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sions, for ¢ example, in whieh, a, 19 


pos it may be cons sidered advisable to. divide the area 
divisions. or areas very irregular in regard to the factors, and | 8, 
_ the divisions for Factor C may be correlated with those for the other factors, 
ie _ It should be evident that the increase of the run-off coefficient with the time 
7 (as at present practiced | by “many « of the us users of the rational method) can be 


"pre edicated only on the « assumption of a water- -shed, , the surface of which i ‘is not 


in a saturated ‘condition when the maximum run-off producing intens sity occurs. 

=" The assumption of a saturated | surface | condition i is, of course, , conducive to 

the maximum run- -off. The question naturally a arises, when may the surface 


> Ine 


be considered saturated ? Much information on this. point has been 
given by Ivan E. Houk, M. Am. Soe. C. E. In this connection the chapter 
of his report entitled, “Rainfall and Run- Off Rates: on Saturated S Soils”," is 


of particular interest. to ‘wilidgiles mide 
It is also worthy of note that ‘proper assumptions degree of previous 


due consideration of the manner of making the rainfall curve the use of whieh 
is contemplated. The -intensity-time-frequency curves in present use (as 
= by current t publications and textbooks) are platted from data selected 


- we 
i - from portions of : storms, in such manner that their use presupposes that precipi- 
tation may be expected to oceur both befor e and after the run-off producing 


okt It seems reasonable, therefore, that in attempting to ‘estimate the probable 

/ maximum 1 run- off for the wet season of the year (at which time the storm 
re! predicted may be expected to follow closely on the heels of previous rains) 


through the 1 use heater such curves, a saturated 9 surface condition should be assumed 
for the usual water-shed, the surface of which is composed of ordinary soil, ot 
ombinations of soil and impervious materials, 


Ane nalysis Experimental Data. .—Equation (69), follow ing, is. derived 
for the ‘purpose of facilitating the analysis of data, leading the 


compilation of tables (or diagrams) of Factor C. 


For evolving the formula, retention | is considered as subdivided into sili 


main parts, namely, evaporation, absorption, and storage. 


_ Evaporation, which herein is meant to include transpiration, is not a great 


consideration n the process of estimating instantaneous run- -off, and usually” 


_ could be neglected without serious error. The. loss to run- -off through. absory 


tion is large when the soil i s dry, and is considerable | for satur ated soils. 


Storage, as used in the formula, is intended | to represent the Joss to run- -off of 


total precipitation falling in depressions, ¢ savities, ete. ‘Thos, the term 


includes percol: ation, when the precipitation ‘is lost. in this manne! 


10 “Rainfall and Run-Off in ithe Valley,” by E. Houk, “Technical 
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= 
le represented | in the a sy bol, since they. are altered 

materially by a change in intensity. The rate of ‘storage, on the. other 
45 


will be greater for an incre ased intensity. | Since all prac tical areas contain: 


i 
ae some storage capacity, this fact (in addition to the consider ation of evapora- 
nd § tion), explains why experimental results never show unity for Factor C, even © 
for a saturated i im pervious surface. | are wae, 
are For a given area, let m = = percentage of precipitation, i , that is being st tored. 4 
Then m iA = rate of storage, in cubic feet per second, i A— rate 
of run-off, having deduce ted storage alone, in ecublic fe et per 
remaining water, evaporation and absorption are taking toll. 
Let z = rate of absorption, plus rate of ev aporation, in cubic feet | per second 
wefan acre . Then z zA —m zA = cubic per second being sorbed and 
evapor ated; and, therefore, A— mi A) — (z A 
2 A — —mt 4 = = = actual 1 run-off, in cubic feet per secon 
hapter 
which In connection Equation ‘be made to Fig. 
se (as The curves thereon not only transform the very valuable experiments of ur. P: 
elected Houk into a form ‘suitable for use in the rational | method, but aleo te 
ducing e: The intercept on the abscissa axis (or the value of i of intensity when ela a 
eta } = 0) i is represented by the letter, b, in Mr. Houk’s report, , and by z z in . Equa- 
hati tion (39). There i is no | pes Srey in the Houk report to indicate the 
alues of m and z for the curves, 


soil, ot - 

TABLE OF m AND z FoR CURVES, H’, I’, J’, K’, L’ ann M’ or Fra. 6 ie 

soils. Caleulations fort the values j in the line, H’, will illustrate. From the straight- 
in-off of Tine equation, » y = = 1.07 «+ 0.20 ) (for Line H of the report), derive the value es = 
(1- . Since — is the equiv alent of Factor C of E qua- 
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should bserved (see Table that some storage, as 
assumptions for the derivation of Equation (39), is recorded (although ‘the 
areas represented were very small) for all the curves with the exception of 


The values of m for Curves H’ > M’ are emell hecau e the soil 
of the areas experimented upon w 


value for m of Curve I’ was | by the soil, thus permitting a cer 


tain percentage of the precipitation (regardless of its s intensity) to enter — 
cavities directly. In. such case, the water due to a certain intensity and time 

of sprinkling would merely fill the cavities. — Additions above this quantity 
would still be lost because of the ‘nature of t the prio and the head . dread 


in the cavities. 


Method . N fo. 1 1 |—The : first method involves seven distinct steps, as follows: 


—Decide on the type of “rainfall curve, and reduce ‘Equation 


_ (a) In the absence of rainfall data and for r approximate estimates, use 


dh i —Determine A and locate the main channel of f flow (if necessary do this” 


yy trial, wing ‘approximate values for nucleus, C, F, 8, P, ete.). Establish L, 


re 
for C, F, and S, for the water- shed, 


being guided by admonitions in the preceding par ts of the paper and veers? 


‘concerning the requirements of the problem. 


i> 


late Q’ from Q’ = 0’ i’ A’ RAW, Table 3 is contemplated, or when — 
the assumption is that the storm is of uniform intensity for the time of con-| 
| dldvation of the water- shed, 7’ should be the approximate intensity of the 
water-shed, and should be based on this intensity. bite Gl} ™ “Aad 


_ When the use of ‘Table 4 is contemplated, or when it is desired to 


iene of the factor of safety rendered by the use of a rainfall curve of 


the type o f Equation (3) in the manner ordinarily employed in the detail — 


) 
process 0 of the rational method, H (for 
= —, for , in seconds, and velocity of Q’, based o 


average values of Fand S for the $3 (Q’ Determine 


— 
— 
— 
tm 
—— 
— 
— 
— 
= 
| 
— 
iii 
— 


ected value of enter ' Table 3, or Table 4 
-and —, being guided © by Fig. 2 and 1 i 


in Fig. 4, P. 


values of Factors C, . A, Ry, 8S, P, F, ar 
formula and solve for Q. Tt should be remembered that: 


(a) Length 


1 ineludes 1’ / of the nucleus, 


The average for v use in formulas is average of the 
channel of flow, exclusive of the nucleus. 


ou 


‘ (d) The average, I’, is the average value of F for the main channel of 
ori 


This method offers opportunity: for varying g the effect of the inlet re, 


pol yn rational method. As hee, beam shown, the of a 

; P’ on ‘a given nucleus is the equivalent of allowing so much inlet, § encou: 

time. The method will be found valuable, depending on the territc 

shed and the purpose: in vi view. For instance, it may be considered may 1 

advisable to allow a a certain lapse of time to prepare a regular _water-shed period 

to begin shedding the water by allowing for storage small irregularities this 

of surface, leaves, vegetation, etc. (this, however, is a special consideration), 

or, again, it Shannel to use Method No. iw the types and 


-It should be borne in mind, make that | Method No. 1, 


Ltt 


Method No. 2- 


lay and th 
is not the only manner in which the formulas may | be found useful. Broadly ne 

peaking, they may be used the same the ordinary empirical 
ormulas, with the added advantage of permitting the engineer to allow for At 
on ntin, 


variables, which the use of existing formulas “prohibits (see ‘the heading, 


Tnadequacy of Empirical Formulas”). 
When used in this manner | the length, L , should be the full distance from tribut 
‘most remote. part | of the water-shed to its outlet, and Factors and such ¢ 

ould Tepresent averag full length. transit 
"Furthermore Factor P should be chosen from of Table cutire 


262 averag 


Values of Factor P”). 4 The value the watershed, and ‘the mannet Values 
ae concentration, should be considered, of course, in divining at the shite of P. 08 
This method is short, but, proper judgment is exercised i selecting 

values of. the: -yariou factors of the formula used, affords a means of 
possib] 


a arriving a at a quick ay pproximate Q and, consequently, the time of concen: 


: tration of a given ‘shed for ‘the assumptions. Having ‘computed Q, the 


intensity is, found from ‘Equation the of “concentration is 
on which the 


abet lines for the the ar 
manner | Lin the Af 
assum 
water- 
lm 
— 
throu 


Method No. admitting a 


“the automatic error of the detail process under the “heading, ‘ “se 


Rainfall Curve” (see e, , also, ‘Examples ‘Remarks on Example ¥ | 
After the time has been found, simply add or deduct the ‘difference in 
‘inlet time, referring the new onsae to the rainfall curve for the intensity to to- 


be evident ‘that, the first sohition by: “this method entails” the 


“assumption that the water is ready to begin concentrating immediately, the 
time of the inlet area, or nucleus, being contained in the total” time of the 


water-shed as rendered by average values of the various of the formula 

rea. for the entire area. _ Any inereage (or decrease) in the inlet time above — 

tail (or below) this assumption may | be. applied as sug gested horn.  ._.- 


a Special Case.— —Attention should be called to. special case sometimes 
nlet, encountered in the rational method of computing run-off. In ol 
the territory it is ; often found that the higher altitudes of a given cic 
ered reasonably be expected to receive: a greater intensity for an ¢ 
shed 


period of frequency than the lower portions. In attacking the solution a 
ities 


‘this: problem the: territory may divided zones, to each of 


ion), is assigned the ‘probable Ry that may be > expected to occur. Thus, 
represents the probable. average intensity over any one zone a 
1 hour (for a water-shed divided into three parts), the zone of highest 
au i “altitude may be assigned: a value, R, = = 3 in., ‘the middle zone, Ry = 2. 50 i in., 
the lowermost zone, R, = 2 in. per hour. 
In the detail: process of the rational method the problem is 
Sai "approached as follows: On the di iagram of rainfall curves, that curve ie 
“senting the assigned intensity ‘requirements (suc ‘h R, = in, is chosen ; 
ding, otk 
es this curt re is follow ed until all the individual areas of the first zone have con- 
~ 
tributed ; then transfer is made to the required curve e for the next zone, 
ai such as R= 2.50 in. per hour (without making reduction at ‘the point of 
ae transition), the second curve being used : as. ‘the first. In this manner 
ble 3 entire water- shed is covered. ‘The method is. an “approach toa ‘reasonable 
wlution for the conditions assumed. — The method ‘results in thesuse of an 
ching average rainfall curve for the several zones. 
using the formulas. and methods herein outlined» the average value of 
Ry may be obtained for. Whe ‘water-shed through we weighting the individual zone 
anner [Values of Ry by the respective zone areas. The average value of Ry is s to be 
P. ™ of course, W ith the rainfall curve to w hich it belongs. 


Other Coe ficien ts. i unfortunate that more 2 information i is not available 


“concerning the distribution of rainfall ‘especially over the larger areas. — It is 
possible that ‘more accurate information on this point could she uti ized 


(a) Alteration of ‘thie: frequency | periods: for a given 
frequency) of the time- frequency curves | in present 


ecting 
of 
oncen 


~ 


per Ordinary cases without recourse 
the 
he — 
the 
iii 
— 
— 
©. WwW 
— 
a 
ion — 
% . 
ch the — 
mt 


The, use of only a of a given drainage area instead of the 


= 


t among American ¢ engi- 2 


more ‘thorough complete information on on the distribution of rainfall) i is Sheen: 
oubt, on the ‘common observation | that rains of lighter intensity and 


eS duration (required for consideration of the larger areas) are likely t to 
u 


e steadier and of wider distribution than those rendering higher rates of 


precipitation, which are more generally applicable to the smaller areas. ‘pee > 


- The time- intensity- frequency curves in present u use are usually developed 


| eh the records of individual ‘gauges. In this case it. would be unwise to 


assume that the intensity designated by a certain ordinate on a curve ) repre 


oh the rate of precipitation at the eye or focus of the storm; or that 
it should be used to indicate the maximum rate within | an area on which the | 


intensity is unequally « distributed at a given moment. | 
- Qoefficients based on this assumption, therefore, should not be used as direct ] 


multiple factors i in reducing the run-off results that may be obtaine ned through 
the! use of the « curves ; developed from the | records of individual gauges. Ai noi 


1.—Efforts should be made to ascertain whether or not the intensities 
i by curves in present use may reasonably be applied over the i 
entire area. it cht ends oii 


toaucam™ —If such siete can not be applied over the entire area, ae 


endeavor should be made to apply the information through the foregoing 


The “coeflicient of retention n” is 


The “coefficient of retardation” defined the ratio of the 


=? area to the total drainage area when the maximum discharge i is caused by a 
aves? 

2 storm which lasts for a lesser length of time than the time of concentration 


of the ong Possibility: taken into 


‘The ‘formulas herein (usually through No. 2), may used ‘advan 


for ‘this purpose. Other w Titers have discussed this phase of the 
Remarks. —The outstanding feature of the rational method is its concep 


tion of the time ‘element i in the estimation of maximum storm flows, affording, 


for in the run- off ‘coefficient as 
American” engineers. the heading, “Factor C, The Run- 


88 it does, through the medium of its assumptions, a reasonable basis for pre 


dieting the probable and frequencies of s storms. it ‘should be 
emphasized, | the: solution of the run~ off problem, , although 


is still 3 
‘recogni 
‘under t 
The 
of the | 
initial 
Since 1 
uniforn 
its valu 
be mad 
remainc 
aceurac 
commot 
‘of inter 
foregoi 
run-off 


the solv 


tet. the 
Tet] R, 
period. 
The 
similar 
sional d 
(=0.38. 
‘The 
Hence, 
Exar 
= 7 
thei: 


approac 
g 
ntire 
5 
— 
| 
presen formula 
— 
— 
— 
4 Instead of using a co 
he 
a 
th 
7 


approached more easily through the special assumption: 


he is still indeterminate. ‘This statement may be understood 1 moe easily when it 

ie recognized that there is no conceivable way of ar arriving | at a perfect solution — 

ai junder | the assumptions, because it is is necessary to approach accuracy by trial. 

The | detail ‘method is only an approach. For instance, at at the beginning 

of | f the p process, it is necessary to assign a time for the concentration of the > 

ed, initial area. time, among other considerations, depends on the > intensity. 

ind Since the assumption | is that for a given water- shed the intensity ‘shall be 7 

to uniform over the entire area throughout | its time of concentration, and, since 


of its value cannot be known in advance, the assignment of the inlet time may ~ 
an be made only as as an approach | to accuracy under the assumption, Likewise, 
in the” assignment of the run-off coefficient both to the initial area and the a 
rmainder of t the water-shed (since its value depends on the intensity), 
accuracy can only be » approached by trial. T herefore, it he has not been the 
‘common practice « of users of the detail rational method to ) consider the effect a a 
of intensity on either the inlet time or the value of the run- off coefficient. — er 
4 Intelligent use of the formulas, requires not only a - familiarity with the _ 
ect foregoing and assumptions, | but also a understanding of the 
ugh run-off problem. foregoing work, it is ‘serve as an aid in 
the ‘solution of “difficult (and ‘somewhat neglected) pro blem. 


uting 2 ‘The study of a given area reveals that the water- shed area ‘is somewhat | 

bya dimilar in shape and manner of concentration to Type. 18, Fig 2. ‘The dimen- 


ration sional data are: A = 1294 acres; L = 20328 ft.; S = 10 ft. per 1 000 ft.; and | oo 


ysical J} The main channel of flow is assumed to be a pipe with Kutter’s n = 0. 018. 4 
Hence, from 1 Table 11 (Appendix Il), F 6.63. 

ed by Examination of the the nucleus (or initial area) that: A’ 5 


Th he following factors are estimated: - — = 25 


(7 


of the 


tr. 


_Iftheu use of Table 4 is contemplated (or if it is desired to take advantage of 
the small factor of | by the use a rainfall curve, 


as 


— 
 & 
— 
— 
then ‘i — 
: 
or pre 
uld be | 


fo en, = 0.8 in. per hour. 


Ru = —., or, R, - —, assume that 


Papers 
tu 
as tudy of the nucleus calls for an time, = 10 min., fon this : 


cat NH _02X7 x 5.0 


— 4.9 cu. ft. per sec. 
7 Te that type of storm based ona uniform, or constant, intensity for the tin ec 


0 of concentration had been assumed, it would have been. “necessary to base the 
t the water- shed ; also, Q’ = eA 


the ater- -shed. 


s (Q’ yt x V0. 01 (4. = = ft. per sec, 


4 
Fig. 3 with 2.25, and P, = 0.24, 
= 1.24 x = 1.24 X 0.24 =0. 3 
x, 0.3, - 259, ond. — = 7.3, sip by 


igs. 2 and 4 to medium concentration f for area, 51. Hence, 


328 


7.—Assume that information on rainfall, and the consider ation 
ours; then, 
Ry Ag ain, assume that the Equation (2 is adaptable. 


Equation (28) may be used, or, substituting H 

- Q = 41. 7 (C ARF F BY. 1429 0. 2148, 
8 - = the expected inches 0 of 


tration 
cers 


for th 


April 
4 conce 
“ft. 
‘By es 
inten 
poin t: 
= 
and, 
(no 
Er 
>< 2.0 X 6.63 X 0.005)11429 (10) 02143, 
concentration for the foregoing assumptions 
pose 
— 


April, 1931 ATIONAL RUN-OFF FORMULAS 
von: a a area it develops" that the shape and ‘manner of 


concentration are approximately midway between Types 16 a and 17, Fig. 


Furthermore, = 500 sq. miles = 320 000: acres ; =8 acres; L= 600 


ft; L’ = 1200 ft.; S = 5 ft. per 1 000ft.; Om 0.2; = 0.25; and F = =65. 


= 


state, = 000 = 40.000; - “(223 600)? 


The we of Table 3 is contemplated, “Assign 
i a 


ntensity for the water- -shed, of 0. 75 in. per hour. Examination of the nucleus 


hen, 


points to the assignment of 15 min. . for its time of concentration. — 
following Equation 


= (Q’)i = 2.08 ft. per sec. 


no is since — 
intering Table 3 with 0.64, = 40 000; and 3.6, guided by 


Figs. 2and 4, toa pproximate ly midway between medium and delayed concen- 


tration, P is found equal to 0. 48 and 0 0.001465 = 


for the various factors in Equation (40), oie 
25, 


@ The intensity by Equation (1) and the time of concentration by ‘Hguation. 


6) are, i = 0.933, and = 4.4 hours, respectively. 
Example 8.—Let the rainfall curve for a given be 
< . Assume that Ry = R,, or or that H = a 1-hour period. Y For this pur- 


se ‘reduces to: 


Now, assume that the values for the various factors are the same as those 


used in. Example 6; then, by Equation (41) Q = 1069 cu. ft. per sec. ashe ‘ 
Example 9 9- —Let the rainfall curve be the same as in Example 8 and i 


wie 
— 
— 
_ 
for 
i 
= 
ih). 
— 
¢ 
— 
then, 


in Exan 
Remarks Concerning Examples 6,7, 8, and 9. (= 1069), 
_ Example 8, may be. approximated by referring the time, 35.7 min. (solved by 

use of ‘Equation (29)), to the rainfall curve, 


thus obtaining a new intensity for use in Equation (1). ita 
In the absence of the curve, Equation (48), the intensity may be calculated 


directly from ‘Equation (43) by substituting for K value when H=1 = 1 hour, 


This results in the value, i = 2.73. Equation the correc 


run-off equals | 0.3 X 2.73 x 1294 = 1060 cu. th. alan The percentage of 


accuracy ‘is expressed by 1069 - 


Likewise, the run-off, Q = 62 003, for Example | 91 may be approximated by 
j referring» the time, 264 min. (solved by the use of Equation (28)), to the 


curve of Equation (43) with the result 0.964. 
By Bquation (1) the corrected run-off, 


= 0.2 0.964 320 61 696 cu. ft. per sec. 


this case the percentage of accuracy is 

this ca = 99.6 - 

‘The result to be expected from a given problem will not alw: ays be as close 

fad ion foregoing pe pereentages indicate, since the shape, size, and m manner of 
neentration of the | area, will have some effect. - Howev er, when the adopted 


a curve does wat vary widely, the foregoing n method ‘may be onl to give 


= a quick approximate result, accurate enough for most practical purposes, for 

a variations in the value of ee e, Equation (2 ),§ as encountered i in common 


- be ine of course, to curves of other types, such 


Example 10. —This example is shown for the purposes of illustrating the 


3 hydraulic construction of the formulas and making certain comparisons ns with 


“Fig. 7 was selected from a topographical map and represents a smal 


_ water r-shed (rather thoroughly divided i into o individual areas by streets), wi 


purposes it is necessary to place 


and ( 
per se 


assur 
: 
» 
& 
show) 
“shows 
3, Fi 
3, Fig 
3 
“Sug: 
5 


the tabling p process and the formulas on the same basis, hence, the followin 


assumptions are made arbitr arily : 


‘The rainfall curve is of the | type of of Equation (3), ,with Ry = 
= 1.25 in. per hour for a 1-hour period. Since R, = 


| 


Circular pipe sn = 0.01 3) used the main, 


The run-off coefticient, C, is equal to 0.4 throughout. 


of Rainfall ¢, in Inches per Hour 
oF FROM EXPERIMENTATION ON ELEMENTARY 


_ Area No. 1 of Fig. 7 is chosen as ‘the initial area for the tabling process - 


in condensed form in Table 8. is further assumed that the inlet 


“Area No. 1 (a) small water- shed) concentrates i in n the manner ‘shown for 
38, Fig. 2. For the: initial area: A= =8a acres; = 1200 ft.; = 8 (for a fall of 
3.6 ft. in 1 200 ft. )3 ae == 0. 4; Ry = 1.25; and r (from Table 4, making use of 


5] 
“Suggestions for Use of Method No. 2,”) 53. ‘Using Equation 
9) (du ue to the foregoing : assumption for the rainfall curve: | 
Q=1 (15 (0. 4 x 8 1.25 x 6.63 x 0. 021)1.14 1429, 2143 
see. By quation then, i = 3.06, and by Equation 6), 
1; 


= 
a 
— 
43) 
ma 
=| i 
ii 
lopted 
2s, for ES 
— 
| 
.(45) 
the | 
ng 
— 
— 
ime of concentration (on the foregoing assumptions) if it were tabled down 
from an 1n by the detail process. That value is used 
= 


—ConDENSED. ILLUSTRATION OF THE TABLING 


1 
(t) 


Individual 
area, in acres | 


Length, ip 


‘ize of pipe 
| 


|Time, 
minutes 
 jninches 


drain 


Area 
drained 


in acres, (A) 
run-off (C) 


= 


Coefficient of 
Velocity, in 


| 


o 


otal are 


> Welo 


003895 12.17 


0. 

0. 
14.62; 2.53 | 33) 4 
0. 

0. 


Soo 


CO 


00468, 16.07, 2. 6.52 860 
00468 16.99, 2.85 | 6.78) 380| 
00468) 17.80) 89) 6.90) 875) 

0.00468) 18.71; 2.24 | 7.14) 35) 

0.00468| 19.58, 2.19 | 43) 7.88) 875 

0.00331) 21.28) 49) 

0.00831| 24.48) 

0.00331) 26.57) 

0.00411) 27.94) 1 

0.00411, 28:52) 1.81 

0.00411, 29.11) 1.80 

0.00411 29.67, 1.78 

0.00411 30.23, 1.76 88 

0.00411) 31. 80 1.7: 5 
0.00411) 31.76) 1. 


"4 | 0100411, 82191 1.69 | 10.42) 355) 
0.00411 6 10.49) 8201 | +E: 


co 
~ 


o 


rd 


co 


DH DARD 


oF 


3.2 0.00411) 83.99 
373.9 | 0.00411, 34.44 
691.9 0.00411 35.47 
693.8 0.00411, 35.93 

| 


698. 8 | 
698.4 
704.3 
711.0 
18.7 | 0. “00411 
726.3 0.00411 
733.8 0.00411) 
745.8 0.00411) 38. 

747.6 | 0.00411) 389. 

818.7 | 0.00411) 39.65 
821.2 | 0.00411) 40. 

0.00411, 40.44 
0.00411 40.85) 1. 
0.00868 41.2 
0. 00368 41. 


— 


RODOWHAOS Moers 


"409, 


9 00324 
0.00324 
0.00824 
0.00324 
0.00324 
0.00324 
| 0.00324 
0.00324 
0.00824 
0.00324 
0.00324 
0.00324 
0.90280 


5.5 

20.011 
~5.9and 14.81 


2 126.3 


— = ae 
— 
| 
— 3 
9 21-22 350 
34-35 | 8.2and 58 | 104; 12.46) 3820 | 
88-89 98 and 156.5 56 | 104, 12.46 820 a ht 
| 47-48 iy 1.8| 0.4 2 | 109) 12.84) 320 
554) 8.5 an 397.6, 0.4 ) | 113) 12.42, 290 
55-86 | 8.6 and & 118 12:42) 360) proces 
57-58 | an 31.0! 0. 42.49 1.49 | 12.42) 360 
and 8.71 688.8, | 986.2, 44.61] 1.45 | 12.09, 
— 67-68 i 8.61 699.6 4 985.7 45.02) 1.44 128 12.09) B2 
| idand ssi 700.8 Mid 45.47, 1.44 | 193 12.00, 
50.29 
: 122 675. 86.29 (3 


pril, 1931 es RUN-OFF—RATIONAL RUN-OFF FORMULAS 
| Individual 
area, in acres 


| 


| inacres (A) 


Water-Shed 


Coefficient of 


Total area 
Velocity, i 
in feet f 


feet per 
Totallength, | 


run-off (C) 

Size of pipe, 
in inches 

 infeett 


Total fall, 


second 


L 


| 


. 


0.00280 
0.00280) 
0.00280) 
0.00280 
0.00280) 
| 0.00280) 5% 
| 0.00280 
0.00280 
0.00280 
0.00280} 
0.00231 
0.002381 
0.00338 
0.00338 
0.00338 
0.00515 


ALLL ALALAL ALA AAA 


CNW 


o 


3 12. 95 


€3 
start the tabling process of Table 8, using Fig. The four water- 


selected are numbered 1, 2, 8, and 4 on Table 8 and are represented, respec 
tively, by the total areas above Points ‘ £3, and 4, of Fig. 7. _ The velocities 
in T able | 8 were e calculated by the use of Kutter’ formula. 
Comparison of Times of Concentration and Run- off by Different Methods.— 
_ The time and run-off, determined by five processes, are arranged for comparison 7 


in n Table 9 ste The explan ation of this table may be ‘itemized in the form of , 


(1) Values in Columns (2) and (3) of Table 9 were from Table 8. 


Chose in in | Columns and were by the use of 


1 
Total fall 


+1 200 (length in initial area aa 200 ft.) = 18 315 re 


an pox B15 
ft. per 1 000 ft.; P= —; v 


7.1; V (using Kutter’ s n = 0.013, for, pipe, 93, an 


9) = 13.1; and P = = = 0.0054: 3= Solving, 


15 4 1. x 6. 63 0.00 5.43)1.1429 (3.93)0.2148 
OTLB cu. ft. per see, 


\gair in values in Equations and (26), ‘respectively, 


» 


Columns (6) and (1 Table 9 were. calculated (29) 


using Table 3, and following Method No. 2. _ All factors for use in ‘Equation 


: 
1 159.1 138 | 184 11.90! 380! 
2.41} 1.84 | 11:90) 90 
1 148.5 2153] 1:84 | 185) 11:95) 
1 159.4" 1.38 185) 11.95) 195) f 
1 160.3* 1.33 | 185 11.95, 150, 
1161.5 3.709 1.32 | 185) 11.95) 285) 
— 
— 
— 
x 
75 86.29 he 
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VARIOUS PROCESSES OF DETERMINATION 
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ORMULA, 
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From TABLE 8, U 
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BLE 9.—Comp 
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| ant dolla the va 
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are the | same as those used in the computations £ olu. 
(5) of T ‘able. 9, with the exception of Factor his factor was selected from 

Table 3, corresponding in position to the values chosen from Table 4 for. 


Columns (9) and (10) 1 were by “tabling” | Fig. 7 in, 
ith assumptions and data cage in Table 8, except t that 20, min, were 


(5) Columns (11) and (12) valeulated | by use of Equation” (29) and 
Table 4 and [by following Method No. 1, assuming a 20-min. inlet time on the 

— (6) It n may yy be. noted that (Qa and Qo, a as well as Q1 and Qe, i in Table 9, ‘are 


practically equal for a given water-shed. This fact indicates the correctness 


“of the construction of Equation (29) Ww hich was reduced from ‘Equation: 24). 


4 
Since | the. detail process and the | equation “were: placed on the same basis in 


each case, it shows Methods Nos. 1 and 2 to be logical in approach for a. 
assumptions, and serves to testify to the accuracy of the particular value a 
6. 63 for pipe 7 with Kutter’s n=0. 013, and (to a certain: extent) the construc- _ 


tion of T Table 4, ‘The construction of Table 9 was not, however » mainly for 


the pu purpose » of pr prov ing the Points 1 to 5. logic i in the of the 
formulas is contained in this paper under the proper and ‘the 


‘methods ¢ of. arriving at Factors and are 


“heading “Use of Rainfall Values do not contain | this 


evolved through the use of Table 3 with the formula. — ¥ alues of the ratio, 


| 


the 


Values t, and Q, (Columns (6) and (71) of T able 9) are not intended he 


a 
‘represent exactly the actual times and quantities for the respective water- 


“sheds, which would obtain in an economically designed storm drain system 


constructed of closed conduit. It the assumptions of the rat rational method are 
strictly adhered to, it must be assumed that, in such systems, the storm which 
produces the quantity for a g given water- shed, » is not of sufficient intensity to 
fill the conduit above the outlet entirely. To allow for this condition with 
™ formula | through the use of Table 3 a higher | average V value of Factor yr. 
should be from Table 11 ‘(Appendix I). ever, the ratio, 


oes represent ‘closely the actual error which w would occur in open channel — 


(7) It is interesting to compare Values (Columns (2) and (9) 


Table 9). Both si sets of values” resulted from the detail “tabling” process, 
the former on the assumption of 10- -min., , and the latter of 20-min =e 
inlet time. The difference i in inlet times used is 10 min. instead of 
the values, this difference is added to the values, ty, the e error in is 


— 

q 
2 

— 
| 
4 

— 


measured by the ratio (since, , for the rainfall curve used, Q or 
inversely as the “square root o of This error, like the ratio, 


os and rainfall tintin’ It will be ‘smaller (on the average) than —” for all ordinary 


(8) Remarks (6) and (7) indicate that in n all c cases Method No. 2 may 


a be used to approximate run- -off, the error in result being well ‘bie the 


additions. 


a Shed No. 2 pi “Remark (2)”), 
4 min. ; 3 as = 972 “eu. ft. . per (10- -min. inlet time). 


If 20- min, inlet time has been used, the time would have been, : approxi- 
ee: ~ 10, or 53.4 min., and the total run-off, by Equation (1), will be 


Q=0. 4X ps X16 = 877 cu. ft. per sec. 
The maximum velocity (for this” second consideration) on the average 
slope, and F, is: V=- s3 = (0.0039 93)? (877 
sec. 1e average v= P V = 0.54 X 12.65 = 6. 83. 


Finally, | 6.83 682 sec. = 44.7 min. 
i enlaation of the time of concentration due to the i 


average quantity of water Furthermore, 44. min, = 


oh: The off problem, through the medium of 
7 a any assumptions, must be one of trial. The assignment « of an 1 inlet time Gt 
used) and the run-off coefficient depend fete the intensity. Since the intensity 
must be anticipated, a second solution may be necessary when the intensity 
varies sufficiently from the assumptions. Tt is hoped that future experi- 


mentation on the run- -off coefficient will furnish more ‘reliable: data for 
i 


= area of initial ‘area, or 


a = area of water-shed, in square ‘feet 


ling 
ti 
We 
4 
3 
a 
a 
— 
(Wi 
— 
following nemenclature, in brief, i 1 


3.9% 


j RUN- -OF RUN- OFF 


> 

OC = coefficient representing the ratio of the rate of run- off to the rate 


ve C’ = coefficient 0 of run- -off for initial area, or nucleus. 


= constant in Chezy formula, v=cNTrs 


= a positive fractional exponent of time, ink uation (2). 
= correction factor (see Fig. 3). 

constant, depending on shape and condition of main. channel of 


_ H = agiven period of rain, in hours, Ry = —. aaron ate: 
4 = intensity of r: rainfall, in cubic fect per second per acre, or, approxi- 
mately, in inches per hour. 
v = average intensity on initial area, or nucleus. | anne 


= constant 


K constant in Equation (2) = 7 


= 


» Ls, ete. = subdivisions of 
L = length, in feet, which water traverse running 
site most remote portion of the water-shed to its outlet. nee 
If = length, in feet, which water must traverse in running from the 
most remote portion of the nucleus to its outlet. 
constant = 


= constant, depending. on shape of area -water-shed and 


at _‘manner of concentration, P = sail bos 
aii ” = constant, depending on nucleus, = = corrected 
rate of run-off, in cubic feet per second. 


= rate of run- -off from nucleus, in cubic feet per second. 
nfall intensity, in inches per hour, for a period of. H 


hydraulic radius in v ; also, rate of retention. 
‘8 = slope, or fall, in feet per foot, in length of main channel of flow. — 
S = fall, in feet per 1000 ft. of main channel of flow; S = 1000s. eg’ 
t= time of concentration of water-shed = time required for the 
water to travel from the most remote portion of of the water-shed 
= time of concentration of nucleus. to 
‘= average velocity of water, in feet per second, in traversin 


hydraulical rs. 7 


4 


— 


| 
‘ 
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ls, 
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Pe 


Apri 
= average velocity water, per second, in tr. aversing the Then 

V = velocity of Q at outlet of water- shed, based on ne: ‘thin of F 
te F and S for the water- shed. 
vV ‘= velocity of Q’ based on average values of F and 8 for tl the water- cor 
48 560 A’ 
X = inches of rain for a of 

or (CALCULATIN 1 VALUES or N AND 
Begin with, say, by 7 -ft., 0 open, rectangular el channel with area of 
98 sq. ft., an hydraulic radius of 3.50. Next, select from any reliable 
of hydraulic tables (showing velocities for varying values of the hydraulic 

-— yadius, Kutter sn , and the slope) the velocity for an hydraulic radius of 3.50 2 


the column of s = 0.01 (or Sa 10), with Kutter’s n ; 013. This will be. 
V= 25. Calculate Q = 98 X 26.25 = 2572.5. ated. 
= 0. Ol, = 10 V = 262.5, and he = 16. 20. Substituting 
value and the value, Q = : 2572.5, in Equation (18), V = = 6, 07. This factor 
may be calculated for varying” values of Kutter’s n in the foregoing manner Theret 
and. placed on a line opposite an open rectangular channel, as in Table 10. — 
This table was prepared by slide- rule computations | for the purpose | of illus- oy Th 
Rice. It was shown that Equation (18) applies for a given shape and condition showin 
of channel. Having determined N for the 2 by 1 (width by height) | opel in its | 
z conduit, its value may be calculated for other rs shapes (for the small change Y Pes 
the hydraulic radius due to ‘Shape alone) by letting vt. Thus, having blify, t 
‘assumed an area of 98 sq. ft for a 2 by 1 open conduit, calculate the relative 
> aaa + for various shapes of channels using an area of 98 sq. ft., and arrange 
them in tabular form for reference. Then, since VN « rt, N=J J or, { 


the e corresponding values of N for 2 any shape of channel may be ‘calculated, 


duted 


- 
— 
| 


oa of 
‘iable 
alice 

3. 50 
be 
tuting 
factor 

anner 
le 10. 
‘illus 


dition 


) open 
change 


having 


ative f 


arrange 


hen, se lecting any shape, such as circular pipe. with r4 


= 


The value of J = = 4.44 may be used. for calculating for © shapes 


under K Kutter’ sn = 0.013 3. In li like manner the value of J obtained through 
the use of NV, under other values. of. Kutter’s n, may be used for calculating 


‘TABLE or VaLurs or NO 


Values of Kutter’sn 0.011 | 0.013 | 0.015 | 0.020 | 0.025 | 0.080 | 0.085 


Single box (closed).. 2 by 1..... 


Double box — 


00 & 
23s 


Come 


com: 


_ Having calculated the values of N for 8S = = 10, values of of F F may be caleu- aa 


lated. was, shown, in Equation (21), ‘that, 


Therefore, using s = 10 


Thus, having found the values 

may be readily calculated and as Table 


showing values of F for channels of varying shape and condition, , may be used 


: in its present form, or may be expanded for use in general hydraulic work, 


this ofe in (13) : 


wa or NV in E qnation (18) sub substitute in and ‘sim 


Thus, for a run-off, Q, the ¢ approximate velocity may com 
puted for any d definite shape v with Kutter’ 


of 

1.750 | 1.150 ia 
1.650 | 1.183 =>. 
1.428 | 1.098 8.56 | 8 
bY 1.847 | 1.076 v4) 8.50 | 8 
‘Open rectangular 8 by 3.425 | 1.359 | 4.48 4.20 
| 3 305 | 1 347 68 | 4.39 | 4.16 
7 
| 
-...(49) 

culated, 

— 4,44. 


-OFF—RATIONAL -RUN-OFF 
Since the velocity varies directly as. Table 11 may also be used 


andy guide to the ‘efficiency of relative shapes for a a given | Kutter’s n. or oa 
Statement.— ariation 


* the shape and condition of the main channel of flow i in run- off formulas. 


= = 
4 The. writers, however, have considered L well’ worth while to do so. In order 


to devise a practical working table of variations it was necessary to select, cs care- 
5 
fully, the velocit formula which could be used most advanta eously for the 
y 
The Kutter formula for inc rs has been, and i is at present, used | 
= 


widely in hydraulic computations. chosen 1 because its 
- general application to all shapes and eieiiiian of channels. The exponential 


form for the cc combination of the Kutter a and Chezy formulas ( (Equation 


+ 


inexact run-off problem, it is close ‘enough for all practical 


0. 013. 0.015 dh 0.020 | 0.025 | 0. 030° 0. 035 0. 


which velocities) of a given water- ter-shed. Considering the 


| 0.0 


4, 1 


4 Closed semi-circular........| 


€ 


o 


3 
-_ > 
A 


or 


ag 


o 
ao 


CES 


PR AHH 


Double 
= 


Rectangular 


DD CO 


7 


SS28 


somo 


wwww 


~ 


ple 


Tri 


(width by height) | 


cour 
‘ im 00 GD 


So 


Rectangular 
o 


M 


= 


oS 


100 by 1 


RS 


Kutter’s 


“slo es 
sop 


Kutter 
Scobey 
formul 

or, 

whi 
ber sec 
frictioy 


April, 
| 
= 
4 
! 
4 
ra 
— 


April, 1931 -OFF—RATIONAL OFF FORM 


— 


1 | 00 018 0.020 0. 0. 


Bottom width 
if by height 


conn 


BER 


A 
LARA 
stad 

OT 


to 


Ores 


on 
am 
CO OF 
oa 


= 


un 


— 


Bas 


ed . 


2 


Hone 


~ 


or 

~ 


=20000 
S 


+2 

SER 


wee 
CO 
ao 


Ve 


co 


ne 


oo 


on 


NAP 
& 


OF 
‘Se 
we 


7. 
6. 
6. 
6 
6 
5 


E 
a 


| 

Some recent experimentation has been done, which indicates that 

Kutter s formula is somewhat in error for certain | shapes of section. The 


Scobey formula for concrete | pipe diana full is one of the best known. — 


ik 0. 00546 2.625 5 
or, 


in which, Q is the discharge, in feet. pet second: v, the velocity, i in feet 
per second; Cy, Scobey’s coefficient; d, the diameter, in inches; and H, the © 


ttietion “head ‘per 1000 ft. £08) 


For « comparative ‘purposes it may be of interest to reduce the Scobey for 
From Equation 


Dis 


sed 
ial | 3.84 . pig 
ical shape 7-51 
ree | 7.387 8.88 
lez 
— 
s 
7 
| 
— 


Equi ation (53) ‘Equation (52), is res 

Usi ng the of this paper, and ‘replacing H in Te 


_ Comparing Equation (85) (which is the Scobey formula reduced to like nels j 


; _ terms) with the exponential £ form of the Kutter- Chezy formula (Equation to » Ty 
(50), it may be seen that the « exponents of S and Q do not differ g greatly. Py err 


This difference will be of less consequence in its: effect on run- -off ealculs- Si 
tions, as may be shown by ‘substituting the value for v, shown jin Equation| 


lengtl] 
the formula, and following the same method: of reduction as outlined 


longe: 


Hin Equation (56) is not ‘to ‘be confused with the H in the 


formula (Equation (51)), which was replaced by S. 


ior 


ae For v in Equation sf substitute Pv, in which, v is given in Equation a ‘ 


inv which, q has been substituted for the simplicity. 
(assui 
Equa’ 


fall ex cu 


(58), (59), and (60) may ‘compared with Equations" (27), 


he (28), and (29), respectively. It m may ’ be noted that the difference j in . exponent 


is small and that a certain compensating effect takes” place” between the 
“exponents for and those for the other factors. 


Equations (58), (59), and (60) may be used for “run-off ¢ calculations by 
means of C, values established by F. C. Scobey, M. Am. Soe. Ith i] 


"understood by the writers, adi that the Scobey formula for velocity 


| 
a 
~ 
» 
au 
Using 
sing 
nee 
— tthe 


is restricted to circular pipe flowing full. p< this case Equations (57) to 


(60), inclusive, resulting from its use, are likewise restricted. 
oa To illustrate further the direct applicability and cor ‘rectness of the fectors 


(54) 

™ §} and formulas herein advocated , they are applied to the upper part of the 
Compton Creek -water-shed, which lies” immediately south of the City 
— Los Angeles. | This a area is di divided into two main | parts, the drainage chan- 

ae nels of which converge near ar the lower end of the area. (Somewhat similar 
— to ‘Type 17, Fig. 2. ‘i The western part of this area” contains 16731 acres 
leula- | 


— Since the topography of both sides is similar, the West Channel, w ith a 
zation length of 64600 ft., will control the time of concentration , since it is the 


Example 11 —Find the approximate time concentration using a rain- 


in the 2.07 ft. per 1 000 ft. U. U. |S. Topographical map. (Total fall, 
juation - iw 6.5 | (selected because part ened the channel will be a closed rec tangu- 
lar box section running part full , and the remainder, pipe). 


Using Table 3 3, , and Method No. a, F P= 0.47. Let 0. 4; = 6 
(a) ft. per sec. by Equation (29); i = = 0. .966 by Equation (1); and t = 144. 
vi 


Example 12 —Find ‘the approximate time 1e of which would 
a result from the usual tabling process, with all data the same as Example 
ll except that, P = 0.55 (selected from Table 4, Method No. 2); and, F = 60 
(assuming all conduits running full) . Then, sec. by 
1.1382, Equation (29); i = 0.953 by Equation, (1); and, | t= 148. 7 ‘min. by ‘Equation ~* 
vada Example 138.—Find the approximate time of concentration, using a rain- 
ane curve of the type, i = and C = 0.35. aes other data are the same “— ‘ 


10.7 

This solution could be made by the ‘use ise of Equation (25) with 

exponents, using e- = 0.7 7, but a close approximation may be made as follows: 

Using the time, 144.7. ‘min. (Example 11), read the intensity 


from a curve 


of i = 07 calculate: = 0.81 Gn Equation (45)); Q = 0.35 X 0. 


= 4743 cu. ft. per sec. by Equation (1); V = 14.56 56; 


ween “the 6.845 and ¢ = — “6.84 57.3 min, my 
oe : The solution | by means of Equation (25) gives | t= = 160 min. _ The differ- 
ied mee between the times, 144.7 and 157. 3, is due, of of course, to the ‘te a 
quantity of water running. In the same ma manner, 

. of maa om of concentration may be found for any curve in use. 
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RUN-OFF FORMULAS 


Uh. —Find the of of all data ‘the 
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NZ G. Srravs,! Jun. Am. Soc. C. E. (by letter). 1¢__Much wi: 


in 

and constructive criticism has: been offered in the generous response of dis- 


cussion n by members of the Engineering Profession. However, despite the 


earnest, effort to point out and distinguish between real and hypothetical con- 


a erations; there remained a certain amount of confusion in some instances. 


There is a general expression of the viewpoint that much r remains to be dis- ' 


dovered regarding the time-stress-strain relations of conerete. Some of 


who diseussed the paper believe the separation of deformation into elastic and 


Jakobsen calls attention to valuable information concerning the str ess-_ 


train relations for plain concrete. _ However, the writer does s not feel tk that 
‘the separation: of elastic and plastic | deformations seems an artificial proce-_ 
dure”, Ti is true that this is a difficult segregation. ‘and that most “tests: show 


the combined deformation only”, but it is doubtful in the case of concrete _ 
whether “ ‘the plastic deformations disappear in due course of time, and are 
not in any sense permanent deformations, except when the elastic limit has 
en exceeded”. If so, then concrete must be considered to pass: the elastic 
fimit at a stress far below the normal w vorking stress; in any case, experience 


indicates. continuous deformation to occur in conerete when subjected to 


hormal loading conditions. More experimental data. would be very valuable 


pointed out by Mr. Jakobsen if the stress- strain curve Tinear for 


for elastic deformation, ‘Hooke’s law applies, and the time 
leetor effects the deformations but not the load ‘stresses. . In this particular 
ase, if no account were to be taken of the effect of time-yield i in ‘connection — 


vith temperature deformation, shrinkage, yielding | supports, etc., the al 

lastic theory would ‘suffice completely for making a stress of the 

_Norm.—Author’s closure. The paper by Lorenz G. Straub, Jun. Am. Soc. C. E., was — i 
bublished in January, 1930, Proceedings. _ Discussion of the paper has appeared in Proceed-_ ay, 
ings as follows: April, 1930, by Messrs. B. F. Jakobsen and C. A. P. Turner; May, 1930, by _ 
wee Edward Godfrey, J. H. Griffith; and Charles W. Comstock; August, 1930, by Messrs: 


‘ A. Eremin, Josef Melan, Fredrik Vogt and H. J. Gilkey, and E. Probst; September, 1930, a 
y Paul Bauman, M. Am. Soc. C. E.; and December, 1980, ‘ia Messrs. G. C Staehle, and 
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STRAUB ON PLASTIC FLOW CONC 


LASTIC RETE ARCHES Discussions 


_ structures ; a even for the hypothetical case in 1 which the stress-strain curve 


a conti 


is linear for both plastic and elastic” deformation, an analysis of the le stresses 

3 incurred as a result of temperature changes, yielding supports, ete. require 

7 7 that distinction be made between plastic deformation and elastic deformation. are of g 
q = he writer is in full accord with Mr. Jakobsen’s statement that the expo- of 

nential law for elastic deformation will not fully explain the somewhat per- 

plexing of why plain. concrete beams fail at such high applica 


puted stresses, although the computations based upon the indicate a Bes 


fine-spu 

Variation in the right direction. ‘It is highly probable that more accurate if secu: 
information the physical properties Tight nethod 

connection with his statement t that the 5 writer “apparently computes metus 
the plastic deflection of a 140- ft ft. arch ‘as 3 in, it seems that Mr. CE 

Turner has not clearly understood. the diagram in Fig. 30 concerns 
The 


a very hypo pothetical case in which the ratio, “considered equal to %, 
— ‘Under such circumstances, the line of thrust will be eccentric w with respect to its interpre 
- normal position. It was considered, ther ‘efore, that t the line of thrust was not @ fessor ( 


allowed to return to its normal ‘position as a result of plastic flow, but instead called a 
was maintained eccentric in n consequence of continuous: contraction of the arch possibly 
rib (temperature change), resulting in progressive angle changes within the teasonal 


i: 4 arch rib. _ Obviously, this is merely a simple computation made for the purpose ws far Q 


showing t that, for the Particular hypothetical case, continued deformation tiscussi 
- might ¢ occur without change i in the stress distribution i in the arch rib. . Compt: - The 


tations for the case in which all deformation subsequent. to removal of of forms justifiak 


ig due to plastic flow would indicate a crown deflection of only a fraction of J not ren 


fe the amount referred to by Mr. Turner, most of which would take place in the of the | 


ets few months. T here i is no question that a certain amount of rib- -shortening Propose 


and, consequently, deflection of the e crown, occurs progressively : at least during | 
the early life of an arch. This is particularly emphasized | by the result of] mation 


compensation methods (hydraulic jacks operated at the ‘crown of. arches 
during the « early life of the structures), used in France? ‘and Germany. The 
is 


‘results of experimental investigation? on arches by Wilbur M. Wilson, 
_M. Am. Soe. O. E. » also show continued deformation incurred under constan tmount 
_ The writer is not in a position to say whether “ ‘Messrs. E. B. Smith, FR theory 6 
and A. H. Fuller and O. ©. Moore were mistaken in supposing 
they had discovered a general phencinences of plastic flow in concrete asm Cons 


applied to the practical structure”. ‘Nevertheless, he does not doubt that they Mr. Cor 


observed the phenomena of progressive deformation, and more recently | that 2ot the 
Raymond E. ‘Davis, M. Am. Soe. C. E., and G. E. Troxell * Assoc. M. Auf | forces”. 


- Soe. C. E., ‘Mr. Oscar Faber, 5 and others ened that | progressive deformation 
takes place in concrete | over a period of many months under the influence of 


entrati 

a gradu 
case of 
emphasi 
Yield oc 
its parts 


We 


“i 


“bus 2M. Freyssinet, Le Genie Civil, Vol. 79, p. 126, 1921. 
Bulletin No. 202, Eng. Experimental Station, Univ. Illinois, 1930, 
_* Proceedings, Am. Soc. for Testing Materials, 1929, = 
er No. 645, ‘Inst. C. E., London. 
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a continuously applied load. . Mr. ‘urner’s belief 4 that a concrete arch havin ing a 
cross-sectional area of 72 | by 100 in. is very different from that of the ordinary — 


test experiments, s, deserv es careful consideration, because any such deviations 


tion, 


per fi Mr. Godfrey’s timely emphasis of the psychological danger involved in the _ 
ome Godtrey’s time y emphasis of the psychologica dang er involved in the 
ats spplication of complex theories i is wort! thy of ‘special notice. 1] Far too frequently be 
ate a fine- -spun, precise analy ses are worse than useless because ‘of the false sense 
— ‘of security that they arouse in the design. Although he is no advocate of 
‘Upon Bi methodology in structural design, the > writer desires t to call attention to ‘the 

noteworthy innovations in procedure - for analyzing ‘statically ‘indeterminate 
putes | structures which have recently been set forth by Hardy Cross, M. Am. Soc. 
t Mr. 0. E. These should ; go a long way t toward overcoming the mechanical methods 
The concise, scholarly discussion by Professor ‘Griffith 
ditional factors and does much to clarify the confused viewpoints in the 
-to its interpretation of the phenomena of lasticity, plasticity, and viscosity. Pro- 
as NOt | fessor Griffith’s arguments make it seem reasonable that concrete should be 
nstead fl called a “visco-elastic” material and that the occurrence of time-yield might 
e arch | possibly better be called viscous flow rather than plastic flow. — It is only © 
in the reasonable that. technologists and scientists should meet on a common ‘ground 
urpose ff «8 far as definition is concerned and, therefore, the remarks contained in this — 
jompu ‘The v writer does not consider the skepticism held by Mr. Comstock uansialy ; 
forms justifiable. - It is quite true that shear deformations result i in plane sections 

tion of not remaining exactly plane after flexural deformations oceur. the c case 
in thell of the arch, however, as pointed out in the paper (see “General Relations; | 

during Since shear deformations have only slight effect on the change in 
sult of ‘nation of a loaded arch rib in comparison to the effects of moment and rib- 7 
arches shortening deformations, the deformations due to shear will be neglected in | 
Wilson, It is fully agreed that i in the case of pure flexures there will be a certain 
onstant| mount / of approximation resulting from neglecting shear deformations, just 
rs @ ws in the case of the usual approximate procedure of applying the ordinary 

theory of elasticity t beams. However r, in the case of 7 properly designed 
pposing encrete arch ribs, the error introduced i is unquestionably negligible. ‘4 aca att 

rete a3 Considering fixed- -ended concrete arches, the writer cannot agree with 
they Mr. Comstock’s statement that it is | of no importance whether or 
‘ly that not ; the whole or any part of the strain disappears o on removal of the applied — 

M. Am. forees”. Where the deformation is progressive and dependent upon the « con-| 
rmation entration of stress, there results the case of arches and similar structures) 
rence of| ‘gradual displacement of the line of thrust. which would not occur’ in the 


case of a perfectly elastic material. . In In this connection the writer wishes to 


emphasize the fact that, in order to make a satisfactory analysis where time- a 


vied occurs, the entire structure must be taken into account and not merely 
its parts. In answer to Mr. Comstock’s question why 1.3 was selected for the 


| 


‘Proceedings, 4 Am. 


1930, Papers and Discussions, p. 919. 
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“Tt is realized, of course, from the experimental data on re elastic prop- 1 he 
rties of concrete that a variable relation of stress to elastic strain in which interest 
mis as high as 1.3 is possibly never obtained in practice. However, an extreme 
_ value of m has been chosen in order that the results may show characteristic 
trends more prominently. Also, since a value of p of 1.3 in the proposed § a 
theory of plasticity is probably ‘about correct for concrete 3 or 4 months old, | arly re 

this value makes a convenient starting point for an analysis in which 3 proceduy 


(esign, 
ie 


The paper repeatedly "emphasizes the need for more experimental, data jexperim 
before a conclusive set of values can be chosen for ‘parameters in ‘the pro- | by the \ 
_ Furthermore, w with reference to Mr. Comstock s statement that, tii 1 
i: not clear on what. ground the author justifies the assumption that it [strain] - a 
the cone 
may be expressed as the product of two functions, one of stress only and ide 
* an 


other of time alone”, the writer refers to Figs. 14 and 15. ‘It will be observed 

part writer 
‘that both these : series of experiments indicate that the is very well 
by independe nt of stress and of time. 


Unfortunately, not enough ‘ ‘time- e-yield” experiments ‘extending over long 
periods are available at present, the writer concurs in ‘the opinion | 


es of Mr. Guasind that the value of m m does vary with the age of the structure. 


only is this true, but the v alues of k, K, and are are also likely to Ovary 


were in 


= the age of the concrete, the latter even to a greater ¢ extent than m. 1. No ® The m 
‘one questions that the modulus of elasticity varies with the age. However, t the Voet 
writer does not feel that this disproves t] the validity 0} of the equations proposed ach a 
_ Extended experimental data may indieate—and the writer believes that this the ap} 


is not only possible but probable— —that the parameters of the equations must sufi “ 

be varied at intervals as the age of the structure increases in order to obtain «te 
satisfactory ‘results, | and it is possible that these variations. might quite support 
_ large. In ar any case (although it is agreed that there is not not sufficient experi: ithe str 
mental data to ‘justify completely the general adoption of a stress-strain-time (uo set 
relation for concrete and that sometimes such studies: may to preconceivel The 


notions), the writer feels that i in not formulating reasonable relations based a resul 


‘upon pioneer experimental studies an investige ator is gathering information Equati 
blindly without a definite purpose in view and, therefore, al 


- the facts desirable. This i is true of much experimental data now available. but no 
arch 
duced. 
amoun 
to cau 


of sup 


= this } paper is s brought to Tight by Mr. Eremin. "Nevertheless, partial, ‘excep: 
= is taken to one of his ‘statements to Fig. 21. the properties 


: _ stresses in spite of ‘the fact that excessive deflection | occurs. od It. is true, how | ineurr 
_ever, that if the concrete ata particular point undergoes « excessive yield similar from t 
to the condition which is likely to occur in. the case of a a steel beam, there MB Ve 
would: bea redistribution of stresses. Under such circumstances the effect would a 


similar to that of a ‘settling: ‘support. However, although the center of 8 


amount as a result 
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of time- yield, this does not t indicate a a redistribution of of stresses ; ; on the con- 
, the stresses are likely to remain practically unchanged. ata 


The: remarks ks by Dr. and also. those of Dr. P robst are of particular 


aft 


interest | because of ‘the broad experience of these men in connection with the ~ 
design, construction, ‘and experimental studies of arches i in 


countries. Dr. Melan’s exception to the writer's conclusion reg arding 


early removal of forms is ; doubtless | well founded and “unquestionably si such 


the procedure should not be adopted w ithout careful ‘precautions. 

UD Vogt and Professor Gilkey rightfully emphasize ‘the e need of 

dude experimental data before an acceptable method of analysis, such as proposed 


e pre by the writer, ¢ can be » adopted. I Iti is well to call attention 1 to the fact that the ia 
a properties of concrete vary with the : age. 4 Consequently, a: as is evident from a ~- 


+ of data” now available, the values of the parameters in the ‘expo- 


nential equations, particularly the value of q, vary greatly with the age 

the conerete. Fora very green concrete the value of q is quite low, whil efor 

an older concrete, q is larger by several hundred per cent. i. Consequently, the 
Be. 


does not recommend that a single value of q be. adopted for 


a long period of time. Just what values should be used will depend upon 

— information obtainable only by further experimental work. It is agreed that . 

the writer probably made his analysis cover a longer vata ?: time than 

pinion should hav have been assumed for the experimental data available. These studies 


were intended only to indicate he rather than to present. ‘numerically 


r. No _ The writer does not feel ‘satisfied with Equation (117), presented by Dr.. 
er, the f Vogt and Professor Gilkey, for use in studies: of indeterminate structures | 
posed. Msuch as concrete arches. It is true that this | relation apparently indicates _ 

at this | the ‘approximate r relation of stress to total “strain, but the ( equation is : is n not | 

must sufficient, to prove the writer’s s “Second Conclusion’ n” that, 

is an external disturbance * such as the settlement of a 


‘support, the plastic flow ‘causes a gradual redistribution of stresses such that 
exper structure approaches (but never reaches) its state of 


The statement quoted requires the further verification or the fact that as 


based aresult of time- -yield the line of thrust again appr oaches its original 
mation Equation (117) in itself does not show this. 
ing a Even if the value, mM, is greater than p—a condition which is conceivable, 
ble. but it not probable—certain advantages are given by the early removal of the 


subject arch centering, although unquestionably certain disadvantages are also intro- 


“excep duced. example, if. at the time the ‘eentering is removed there is a ¢ 
yperties HF amount of displacement of the piers, a re- -adjustment will take place tending a 


d from to cause ‘the arch to approach its original state of equilibrium (no movement _ 


tion of I of Supports) ; on the other hand, if m is gre eater than p, the disadvantage 


e, how incurred j is that the line of 1 thrust will be pulled a short distance farther away 


similar from the center line of the arch rib than if m is equal to or less than ee 
1, there A Very interesting opinions and further data are given by Messrs. Bauman, © 


t woul Stachle, and Floris. It is to be hoped that more long-time experiments will 
er of 8 HM be performed, in order to give a more accurate knowledge of many of the 


result 


physical 7 pngerine of concrete and their variation with the age of the material. oe ae 
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discussions of this paper about the relative merits: of 1 rail, w ater, , and motor 
transportation and the effect of such ‘competition upon the revenues of the _ 
| various carriers, and far too little about ' the interest of the publie in securing _ 
| the best transportation at the cheapest possible rate. Every citizen is vitally — 

interested in the cost of transportation because it is concealed in the price of | 
every article he utilizes, the food he eats, and the clothes he w ears. psc etal 
e _ Every new country passes through four stages of transportation: Water; 


Al a > Pr 
paths and roads; rail; and, finally, the one through which this ‘country is now 
passing—that of co- ordination and co- -operation, 


Each of ‘these stages follows as naturally as day follows night; 


forms its function satisfactorily considering the condition involved ; and each, © 


in the order named, inevitably leads. to ‘the other. As soon better and 


cheaper, and more satisfactory, form appears, the less satisfactory, and the = 
more expensive, form fights constantly to prevent the people of the United — 


States from « enjoy ing ‘such transport tation, and alw ays on the ground that: ibe - 


existing forms of transportation fill all our needs, and if you allow 
competition it will destroy our revenue. We are too important to be destroyed — 
or hurt; we have expanded at the peoples demand, and it is unfair competi- 
to subsidize some other form of to our 
% It will be poy ‘that there i is no thought anywhere, in this argument, — 
that the people who have “paid and paid’ > to. get transportation, who have 
i 


allowed one supersede another (and always by subsidies), h 


ave 
Nors.—aAuthors’ closures. Symposium published in March, 1930, Proceedings.  Discus- 


au 


sion of this Symposium has appeared in Proceedings, as follows: April, 1930, by Lewis C. 
Sorrell, Esq.; May, 1930, by Messrs. R. B. Kittredge, Harry‘A. Palmer, and J. Parker Snow; 
August, 1930, by Messrs. Baxter L. Brown and Theodore Brent; September, 1930, by Samuel — 
Dunn, Esq. ; December, 1930, by Henry W. Hobbs, M. Am. Soc. C. B.; and January, 1931, 

5 Maj.-Gen., U. S. A.; Chairman and Executive, Inland Waterways Corporation, “‘Wash- 
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ON RAIL AND WATERWAY TRANSPORTATION Discussions 


ig LI Yin 10 MAOIs 
legal, moral, or ethical right to patronize that form of which is 


‘The problem nailionitine the people of the United estes i is this: “They have 


nearly $1 500 000 000 in harbors and 1 navigable they 


gue have been appropriating annually vast sums of money to continue making: 5 
navigable streams, in the hope that a cheaper : means of transportation will be 


on - created Ww hereby the entire | country WwW ill profit. This vast scheme has only | been | 


partly completed, and it will require | a comparatively sr small sum { to finish that 


part of it which has been found to be in aceordance w ith sound economics 


and sound e engineering principles. On its completion the people “may look” 
> 
with certainty to the fact that cheaper and better co-ordinated water- -rail- -motor 


service will r result i ina ‘system of f transportation superior to any single system, 
ti 


flording every one a real ‘return onthe money which he has invested in the 


These in water transportation will not only be available to 


those communities fortunately located on navigable streams, ‘because when 
co- ordinated system of joint routes and r rates is fully developed 


accordance with the Denison ‘Act, the shipper in the interior will receive the 
same savings in cents per hundred pounds through joint rates, as the man who 


A lives near the river. - The general principle of determining rates 18 to apply 


the water saving betw een the river ports to ) the all-rail rate between the points 
4 
of origin and of destination, a nd then to. establish | a joint route, via the 


ederal ‘Barge Lines, by rail and water, or by motor and water, » cheaper than the 


-all- rail o or all- -motor ‘rate. For if the all- -rail rate on a given 
-modity from ‘Dubuque, Iowa, to New Orleans, La., $6.00 per ton, the 


als -water rate normally would be $4.80 per ton (80% of the all-rail rate), a 
saving of $1. ». Now, if the all- rail rate from ‘Wightman, Towa, to to New 


Tha 


—, for example, ‘were 87. 00 per ton, a joint route and rate by rail would be 


its Py 


established from “Wightman: t to ‘Dubuque, by water to New Orleans, and the 
joint rate from Wightman to New Orleans w ould be $7. 00 minus $1.20 (the 
water saving), which equals $5. 80 per ton. The Wightman shipper would 


thus r receive exactly, ‘the conte per hundred pounds as” 

es This is exactly what the Inland Waterways Corporation proposes to do for 


every interior shipper ; and yet the opponents of waterway development and 


of the “operations of the Federal Barge Lines propose to ‘abandon this vast 


network of waterways already partly completed, charge it to profit and loss, and 


-sdme that the entire policy of 110 years has been a colossal failure, instead 
be _ of spending the money necessary to complete the system. It is submitted that 


no business ¢ organization, no combination of capital, w ould abandon any such 
OFT 
= sum as ‘the $1 500 000 000 already spent to finish seven- -eighths of a project 


which, until completion, is of little value, when by the appropriation of the 


additional 124%, a reasonable 1 return on the investment would become available. 


In an endeavor to becloud the issue, and by using the same tactics 
“administrators: of canals and highways used against in their “early 
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iti is an n agency created by Congress to demonstrate that w: 
is feasible, ‘and economically sound, and it is ‘the o only age 


Py 
transportation 


ve “demonstration, te ‘tw how 

oy Although: the Federal Barge Lines have had a net operating income since 
1g 


_ the: inception of the Inland Waterways Corporation, although no money has been 
be _ appropriated for a anything except expansions ¢ of ‘the line, although the Corpo-. 
‘ration: could exist operate and furnish cheap ap transportation | ‘indefinitely. 
on its net oper ating ‘income, tables such as that in Fig. 10° are ‘constantly 


being published to ead the public to believe that it is ~~ mulcted. 7 


| 
hen 


1.82 Maintenance o ot Waternay 


wou AND HIDDEN Costs,” IN MILLS PER TON- 
for ‘These attempts to prove that there are certain “hidden ‘charaes” which the 
nt and citizen pays when he ships by the Federal Lines, only efforts 
is vast detract the shippers’ attention from one ‘important fact; namely, that he is 


ss, and actually getting cheaper transportation by water. 


instead Certainly the people have been taxed to create ‘and maintain 
ed | that streams, harbors, lighthouses, ete., to accomplish a certain definite purpose; 


ay such 


project a case “hidden costs”, should they be with “tax 
of the ‘maintenance of Ww vaterway,” “interest and sinking» on waterway,” 
vailable. ‘interest on the Corporation [their own] property?” ta 
ics that The Inland Waterways Corporation is the agent created by Congress to 
ir early ptove that having thus taxed themselves, the people can get that for which 


al Barge bey have been taxed, namely, cheaper water. 
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demonstrative with a preposterous : sys tem. of charges which | 
| 
on and which the people have willed should not exist, is to deny to the a a 
people the right to ‘reap the benefit of the investment q 


Assuming, however, that what opponents claim sho should be charged against 


water transportation in ‘Fig. 10, a ‘are actually things which should be consid- 

ered, certain errors and discrepancies may be pointed out so that the 

judge whether or not they n make a legitimate case. i 

Bits: diagram (Fig. 10) was ‘evidently - prepared. from data contained in the Lain 

Lo = Report submitted by the writer in 1928. Ite claims a “hidden | cost” to . ‘This 

the taxpayer « of 0. Tn ‘mill ; per ton- mile on the ground of! “tax exemption.’ 7 The paris 

Shi from Minneapolis, Minn., to New Orleans is 1 839 miles. According | per 

= to Fig. 10 the hidden cost, “tax exemption” > on a ton of freight transported gran 

St. Louis, Mo., to New Orleans is $0.8078. Since the freight charged subs 
A 


on a ton of grain from St. ‘Louis: to New Orleans is $1.60, the | “hidden tax 
exemption” is 50% as great ‘as the cost, if the diagram: is correct. act le 
‘The total | corporation ‘ ‘tax exemption,” hidden cost, given in this diagram 
for 1928, would amount to $1 066: 741. 90; or (since the freight revenue for the 


was 86 ‘445 358. 70) more than 16% of the total revenue. According to 


oa statistics of railways in the United States, published - by the Interstate Com- days. 

_ "merce Commission for 1928, taxes of Class 1 steam railways were equal ‘to - less, ; 

6.37% of the total -operatin Why charge the Inland Waterways Pacif 

h Corporation 16 + %, or x three times as much as the railways? On the same sold 

SO “basis that railroad taxes are caleulated, this “hidden cost” would be 0.23 mill the le 

” as given by the diagram of “mainte- § at thi 

“interest and sinking fund,” is a 

409 905.35; and on property,” $838 154.35 (a total < $2.50 

$10 088 330. 54), while the total freight revenue received by the Corporation way,” 

actually amounted to $6445 353.70. thems 

‘Why is this item, “maintenance of waterw ays,’ charged to the Inland thus g 

‘Waterwe ays ys Corporation ? According to pamphlet issued by the U. Ss. Depart- railros 

‘ment of | Commerce there are 200 common carriers, 98 contract ca carriers, and 

a 187 private carriers, with a total value of $150 000 000, operating on the inland proven 

Ww vaterways of the United States. In 1928, to which year Fig. 10 evidently bars, a 

referred, the value of the Inland Waterways: Corporation was approximately ' and m 

$16 000 000, or 10.66% of the total invested on inland waterways. A propor- ff freight 

tionate ‘thetefars (if | such 1 charge i is legitimate), would be 0. 19 mill | per tailroay 

for ‘maintenance of waterways, of 1 82 mills per ton- -mile. the Go 

ais The interest and sinking fund on waterways (if such charge be legitimate) tailroa 

would be 0.378 mill per the tra 

“Interest on the corporation property” is at 5.5% of the all the 

actual value at the time. . As a matter of fact tie Government ean get all thej tion an 

_ money it wants at 4%, so that the interest would amount | to only 0.4 mill per i The 
1 -ton- -mile. Now, add to the actual items, the “disclosed costs” (which included 


712. 30), nd all that Fig. 1 10 purports to give as hidden 


net income of $327 
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costs, in order to obtain the final cost per ton-mile. -Then the ‘results are, 


bi) 
Interest on Corporation property......... 0.4 
ler Cost paid for transportation............. 23 diva 
to 
‘he 
per, mile, without considering | | “hidden costs” the form of 
ted | grants to the railways since 1850, amounting: to 132 2173294 acres, or of of the 
ged | subsidy of the $40 000 000 “per annum received through Pullman | surcharges, | 
This ‘ “land grant” by the Government to ‘the railroads is a continuing 
ram subsidy, in the year, , 1930, there were 62 249.29 acres of land certi- 
fied or patented 0 on account of railroad grants by the United State to the 


g to § railroads precisely as they were certified or patented (or granted) in the early 
Jom- days. One cannot certain exactly w hat these. 182 000 000 acres, more or 
al to “less, a ere ‘sold for, but according to an adver tisement issued by the Northern — 


ways Pacific: Railroad Company in) 1871, the lands granted to the Union Pacific 
same sold for $4. 46 per acre ; the school lands of Minnesota, $6. 30 per acre; and 


; mill - the lands of the Illinois Central grant at $11. 00 per acre, and the advertise 


quotes an “average of $4.00 ‘per acre. ” The Government price per acre 
ainte- § at this time was given as 5 $2. 50, 80 that, taking this extremely low price, there — 
| is a “hidden cost” to the people of the United States of 132000000 acres at 
tal of § $2.50 per acre, or $330 000 000, giv en to the railroads to secure a “right of a 


ration § way,” | > just : as the 1 money spent for rivers was given by the people to the people 


themselves to secure a “river right of way.’ Furthermore, the rights | of way 


Inland thus given ‘to ‘the ‘railroads by the Government are carried i in the value of the 


Jepart- railroads, | on which the people are requested to pay an additional | 51% ° return. 
rs, and United States Government spends ‘millions of dollars on harbor im- 
inland provements, lighthouse service and construction, building jetties, dredging 


dently bars, and keeping: channels clear and | open, in order to aid ocean trameportation 


imately and make } possible the delivery by the railroads of multiplied train loads 


propor: freight and passengers. W ithout this expenditure the seaport, rt terminals of the 
mill per railroads would be dead ends and Ww ould s soon become w ‘orthless. Of course, 
on-mile. the Government is not meeting this great annual ‘outlay: specifically for the © 


timate) § railroads, but as a means to an end, and to build 1 up, protect, and stimulate _ 
ake. the transportation service of the entire ; country and, also, in the interest of | 


of the all ‘the people, and it ; is manifestly a good policy. ‘The people need transporta- _ , 
all the tion and they develop it through one form or another of subsidy. 
mill pet aa They are entitled to the best form of ‘transportation available at the Set 


included 


- inland waterways, or by grantin 


iz to the 1e railways | the e present 
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a perfect right so to Tt would appear a much better on the 
~ part of all concerned not to attempt to ‘mislead the he people about hidden costs, 


but to furnish the best and cheapest possible’ transport tation, in fair compe- 
and t that system come about through ‘proper ¢0- ordination and 


7 ce operation ‘of all forms of transportation. It cannot be: brought about by 
_erying aloud that one form of tr ansportation will destroy another, o or by bick- 


_erings, evasions of self-evident truths, or unfair propag anda, 


Dd... Cornisu,’ M. Am. Soc. C. E. (by letter). he writer wishes to 
 & 


record his. appreciation ‘of the very able discussion accorded his paper. Mr. 


Hadley argument that inland waterway operation will not lower rail rates Why 
because of the fixed differential, is true. only’ with respect to waterway common charg 


carriers regulated by the ‘Interstate Commerce Commission. The competition Missi 


of contract ‘and private carriers on the Ohio ‘and Mississippi Rivers has by ta 


resulted, during 1930, in certain railroads applying for reduced rates on steel one r 
_ products from the Pittsburgh District. Contract and private carriers unregu water 


lated as : to rates also constitute a real menace to the development and existence || possit 


the waterway common carrier because of their rate- cutting methods. re-org 


Professor Sorrell’s discussion the writer considers as a conspicuous accom- TI 
phish 


vment of the main ‘purpose of his paper, , namely, to invite e or provoke extens 
discussions of the subject by trained and experienced students. of the trans- which 


portation problem . His discussion of the various forecasts of future traffic ae 
‘dema nd and the methods cused should be valuable to those interested in that J writer 


phase of the subject. It appears that the writer ’s forecast of 870 000 000 000 of $73 
-miles is too large even if it be considered as ‘the shippers’ demand on compl 
rail, truck, and inland water ‘transportation agencies exclusive of the Great# Th 


‘Lakes . This consideration becomes necessary on ‘account of the phenomenal § questi 
growth of truck traffic since 1925. . Truck traffic constitutes a serious menace called, 


to the future welfare of the railroads. They must meet this competition by Paper. 


a reducing their short-haul and terminal costs and the consequential freight f kind, 1 


rates anil must provide store- door delivery for L. L. freight. the wri 


Railroad officials and railroad periodicals Jay much emphasis ¢ on ‘the fact subject 
that railroad companies pay property taxes while truck carriers have the tax- 
free use of highw ays built and maintained at public expense. — It is ‘surprising, 


ie : indeed, that they apparently overlook the tax on gasoline and its effect on truck 
operation costs. Every State in the Union taxes gasoline for motor vehicle 


A af “consumption. — ~The tax ranges from 2 to 7 cents per gal., and probably averages 
about 3 cents. ‘Heavy ‘motor trucks consume about 3 gal. per car; go ton- mile, 
a and hence their gasoline tax for use of highways i is about 6 mills per ‘ton- -mile 


which is nine times the property tax and more than four times the maintenance 


a The suggestion of Professor Sorrell « of a method of ¢ arriving at ‘the ‘probable 
‘social cost of a ton- mile of waterway transportation and the net social saving 
a is very interesting. It would be an interesting subject for a useful thesis of a 


Chicago, Th. 


™Chf. Engr., ‘Div. of Waterways, State of Illinois, 


_ 1@ Received by the Secretary, February 14, 1931. 
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his splendid to te subject and especially for his 


* Professor Kittredge charges. the writer with two errors of n major . importance. ae 
First, that “figures which « cover the total cost of railway transportation have a 
been used i in | comparison with other figures which include only a part of the : 
should not be charged as an the reason that the writer 3 made 
pretension of drawing a comparison between the respective total costs 
including past expenditures for _sither railways waterways. To 
attempted that would have been futile and the results of only interest. 
d Why be concerned about the economic wisdom of past expenditures, or interest — a 


| charges on them? The writer’ 8 comparisons and conclusions refer only t to the | 
| Mississippi V alley s sy 


stems. Federal appropriations therefor were provided - 
by taxes, not bond issues, and the public is not ‘paying interest on them. 
one must consider all this water (which, is “over the dam” with respect to. 
waterways), why not then, give similar consideration to the ‘millions and a 


possibly billions of dollars of capital has been investors in the 


The writer ‘specifically limited his discussion to future costs for railroad 

ovoke extensions and to the completion of Mississippi Valley waterway improvements in 


on 
which, at that time, had been approved and authorized by Congress. 


traftic The second error charged by Professor Kittredge is to. the effect. that 


1 that writer claimed as an economic advantage of the waterways an annual amount a 

00 000 of $73 600 000 to cover interest on railway capital expenditures saved by inal 


a 
nd on utilization of tl the Mississippi Valley waterways. 


Great _ The w riter realized that the amount of this claimed advantage was highly 


, 


ymenal questionable and so pointed out in his paper. Professor Kittredge and ‘others 


nenace called. this to the attention of the writer previous to the. publication of the a 
son ‘by paper. All these critics admitted there was justification for some claim. of this 


freight kind, b but. did not suggest a method 0 of evaluating it. After. due 

ie the writer decided to let the claim stand as originally ‘made i in the hope that the _ * 

he , fact subject would be clarified in the discussions and that. it would serve as a 


he tax- target to invite discussion of the entire ype, particularly by railroad officials i 


n truck The Praffic W orld, of ‘which Mr. Palmer i is Editor and Manager, is severely : 
vehicle sition! of "development inland waterway transportation. While 
undoubtedly he i well qualified, discuss or statements by 
on- mile, the writer and others who prepared the papers of this Symposium, Mr. Palmer 

on- _mile, ff has not (in so far as the writer can determine) chosen to do so. His ai = 
rtenance is apparently only a ‘presentation his “opinion on few of the 
Mr. Palmer admits that “af it is that transportation fills a 
need that can be supplied i in accordance with sound and reasonable economy it 
‘hould, of cou urse be » supplied”, but he refuses to accord to water t transportation " 


ight to pre form of aternalism or mblic u 
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ON RAIL 


Brent to the w riter’ paper and is 
principally devoted to showing its conservatism. is, indeed, gratifying 
to the writer, particularly in view of Mr. | Brent’s broad knowledge of the 
_ subject gained from 1 many years’ experience with the Federal Barge Line and © 
“other | transportation agencies, both water and rail. | 


Tt should be however, that Mr. Brent discusses ail costs and traffic 


presents figures on the of miles of the latter 
efficiency are reduced toa basis. common to all ‘railr roads, whether of single 
or multiple- track construction. | The Pittsburgh and Lake Erie Railroad -men- 
wie tioned by Mr. Brent has 231. 46 miles of road, but it has 1200 miles of main 
- track. Hence, while its road-mile traffic density (10 700 000 ton- -miles) is the» 
greatest, its mile ‘density—the true measure of efficiency—is 2.060 000° 
ton- miles. The _ Virginian Railroad has the gr track- -mile 


railroad point: of view in this controversy been so seldom presented, 


‘B except in generalities, that the discussion by Mr. Dunn, who is Editor of Th ve 


Railway Age, stands out as a most valuable contribution to this Symposium. 


Mr. Dunn Presents his data and arguments and conclusions i in sufficient son eal 


oO as 


ness of any o water ways 


which is not fully reflec ted in the cost of water 
annual subsidies should be so teflected, but why: should interest on accumulated 


construction costs provided by ‘the public for channel improvement be added 


~ operating costs when the public i is not being taxed for them? ‘There is no 


‘reason for adding ‘such a theoretical interest charge to waterway oper- 


= 
i ation costs than there would be in adding to rail rates a ee return .on the | 


<a billions of dollars of capital which has been lost by investors in the re- organi- sider 


While Mr. ‘Dunn separates the cost of inland _waterway transportation of tre 
into two parts, namely, subsidy cost and the cost of the actual movement of trans 


freight, he insists on combining the two for comparison with rail rates, in the 


i a to show that the cost of water transportation is greater than rail ‘freight revisi 


. It is true that the public will “foot the bill”, but as National or Jj make 
"sectional prosperity depends more on the actual moving « of the freight than it 
ez on the amount of the freight bill, ‘it is evident that it is the freight rate State: 
Ww hich must be e the governing factor, and that this rate must not be greater than 
traffic will bear. _ For _two decades the agricultural and manufacturing 
industries. of the Middle West have been slowly ‘ ‘strangulating” ‘under freight 
rates which ee traffic could not bear, at the same time permitting the indus 


to. ~The: public in the Middle West at last has realized this condi- 


tion an 
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1981 CORNISH ON RAIL TRANSPORTATION 
problem. Waterways are —Nature’s “God- -given free highways to Man and 
the laws « of all great nations, including those of this country, recognize them 
; as such. . Therefore, it is an obligation of the Federal Government to maintain 
such of these channels as may be used to the economic benefit of the sections | 
where they exist. . The extent to which such channels will be used will depend | 
upon the terminal and | ‘operating costs of waterway movement plus the profit 
‘required to secure the necessary capital. ps If the resulting freight 1 rates attract 
commerce in considerable. volume, the community will benefit. ‘Some railroads 
: may suffer for a time; but such incidents are only passing events in the x ik 
“oft progress, which cannot be stopped i in a nation of free people. A far greater * 
_menace to present railway ¢ operations exists in the remarkable growth of truck | 
and bus traffic. ves The haulage costs of truck traffic greatly exceed ‘rail — 7 
This is a basic economic ‘advantage possessed by the railroads, | and hence hier ms 
should be able to recapture that business. olf Te 
From viewpoint of the subsidy question Mr. shows the 
‘present status of costs on the New| York Barge | Canal, although better authori- 7 


ties ‘than the one he quotes have repeatedly asserted hidden public benefits | 


. to ‘an amount greatly in excess of the “hidden” cost mentioned by Mr. . Dunn. — 


q The part of Mr. Dunn’ s ‘discussion ‘relative to the Ohio River system costs 


is answered in the discussions by Colonel Kutz and Mr. Hobbs, both of whom 

(as U. Ss. ‘War Department officials) possessed authoritative knowledge of 
Dunn’s criticism of the writer rail ton- 
1950 is well founded. _ It is probably fron 10 to ) 15% too high. This fore- 

east (Curve B, Fig. 5) was derived in 1925. from railway records { to 1924. ‘i 
‘Truck t traffic was not considered because its importance | was not realized. 
Authorities ‘now state that the present truck traffic is about 10% as great. 

rail traffic. If this is true it would indicate that truck traffic in 
amounted to 45 5 000 000 000 ton- Adding this to the rail traffic gives 
combined total of 495 000 000 000 ‘Sateen 9 which i is exactly 1% less than the 


‘ton- -miles shown for 1929 on the forecast curve, B, in Fig. 5 of the writer’: 3 paper. iz 


It is evident, therefore, that the forecast portion of Curve Bo ; should be « con- 
sidered as ‘indicating the combined public demand for rail a: and truck trafic 
inclusive of such water traffic as may be diverted from those » two agencies 7 


ation | of transportation by the i increase over the present volume of inland waterway = 


nt of transportation. Such a correction would require a downward revision in all” 4 


the writer's: forecasts of future railway development expenditures 


revision would not be nearly as extensive as indicated by Mr. Dunn, and to 2 

make it now would serve no useful purpose. 


The writer is too firm a believer i in the industrial future of the United 
to accept Mr. Dunn’s forecast of 575000 000 000 ton- miles 


“traffic alone. To accept such | a figure requires one to agree that the future 
‘rate of industrial progress of this nation “not only will: not t equal the rate 


the past forty years, but will progressively decline. If 1 ‘no greater” traffic 


than this may be expected, then, as noted by Mr. Dunn, ‘the writer’ s analy sis 


shows that ‘no additional trackage o or ‘equipment will be required. However, 


While « equipment capacity has fallen off, track ‘construction has continued, a 
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of the Clase I roads since 1924 have ata rate 
50% in excess of s of the v writer’ 8 estimate for freight traffic growth. fic To awa of 
As a closure to this discussion, attention is invited to the publication in — 4 
October, 1930, by the “Bureau of Railway Economics”, of a 238-page report — 
entitled “An Economic Survey Inland “Waterway Transportation in the 


nited States”. This” w ork contains all | authoritative facts and references on 


the subject and. ‘their analyses from the railroad point view, as to 
ic ae - Certain cost data from this 3 report h have been widely quoted as proof that 
the cost of transportation is greater than existing rail rates and that, 
w waterway improvement | is unecomonic. report contains (pages 
193 to 198) a summarized review of Mississippi and Ohio River costs for the | 


The facts are probably correct, but if intelligently and fairly 


bo 


that the so-called items of channel maintenance interest 

on accumulated construction capital cost t for the past 100 years are included. 

‘The writer offers “no protest at ‘the inclusion of these items because the 
aterway traffic can stand it. The tabulations: show the cost of f these items 


per ton-mile of traffic in 1928, but the ton- -mileage , of that y year is . only a small 
fraction of the waterway or the traffic reasonably to be expected 


within the next twenty years. pools ted fi 

ate The ton-mile costs shown in (3) of Table 10 are exactly as they 

4 appear in the report (page 196) but Column (4) shows the costs based on a 
ae 45 000 000 000 ton- -miles, and ‘the total capital cost - is assumed at 
-= 000 000 to cover the cost of completion of the e project. Annual m mainte- 


“nance is inereased to $6 000 000 for the same reason. ae Column (3) clearly oy . 


— 


10.—Srupy or Toy-Mue Costs, 


_ Maintenance cost per ton-mile......... ab 0.132 
carrying cost per ton- mile. Ob 00 
(2.18 


Weighted average freight receipts of eight Seas near ss 
Total, in ton-mile 45 000 000 000 


on $135 000 000. on $270 000 000. 14% on $4 758 000. 


Referring only to the 1928 values in Table 10 the ‘report. (page 196), states: ; 


“The rail costs average 10.09. mills per ton- mile; ithe estimated minimum 
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CORNISH ON RAIL AND WATERWAY TRANSPORTATION | 


| lent ton- iisthe, after allowance is made for the greater circuity of the water 

“4 - | Oh Attention is invited.to the unwarranted use of the word, “minimum”, in the 

on Inasmuch as the ‘Bureau of Railway E conomics- has included in its” 

nt 7 _ waterway costs for 1928 all items which it considers necessary to conform to cs 

im sound accounting practice, the total thus derived should” be reduced | by the he 
7 20% freight- rate differential saved on water shipments before a comparison 


i is made with rail rates. wi The freight-carrying cost of 4 mills” ‘per ton- -mile 
ry 50% on account of cireuity or greater length of water haul over 
rail haul between ports becomes 6 mills. i However, since | the s shipper, in 


- = paying this amount, ‘saves 20% of the rail rate, his saving becomes 25% 

| 6 ‘mills, or 1.5 mills per ‘ton-mile. Subtracting 1.5 from 11.17 and 6. 
say ; respectively, leaves 9. 9.67 mills per ton- mile in 1928 and 5.05 5 mills per ton-mile | sh 
rest | by 1950, at which time (as indicated on F ig. 9) traffic will equal 45 000 000 000 : 
“ey } ton-miles per annum on the Mississippi River alone. b 

the | cost of 5. 05 mills for future traffic is the figure which should be ane 
ems with rail rates of 10.09 mills” per ton-mile to determine the relative public bd, 


than average rail rates, and that if and when water trafic on 


= ~ 


the Ohio River in 1928 were 12. .36 mills per ton-mile and that 
oped average rail, rates” were 8.83 mills. ‘water costs covering capital and 
maintenance are based on 2.702 416 316 ton-miles of traffic in 1928. “Fig. 
indicates that by 1945 Ohio River traffic will be five times the the present traffic, 
: in which event the capital and maintenance charges would be one-fifth of the 


amounts shown by the Bureau report for 1928. By making this adjustment — 


indicated water cost for 1945 becomes 6.91 mills per ton- -mile, or 1.92 

44 


= 
i 


eit Numerous railroad officials and economists in public addresses of 
which have been reproduced in the public press) and ‘railway periodicals, 
supplemented by editorial agreement therewith, have repeatedly asserted that Ss 


if inland. ‘waterway transportation on the Mississippi River had to bear the 


ts 


cost of the construction and maintenance of the channel as railroads 

= with respect to this right of way, the cost of water ' transportation | | would be 
-_ shown to be greater than ‘the cost by rail. A Their ‘methods of accounting for 

sain capital and ‘maintenance of channel costs are not in accord with the National — 

policy. However, if ‘their method is accepted as economically sound, their 

assertions are reasonably correct. with respect to present-day traffic, but re 

tates 33 “very incorrect if water traffic - develops i in large volume. , Economic justification, 


therefore, depends not ‘upon present- -day costs, but u upon the development 


a 4 large volume of water traffic which will reduce these overhead, or so-called 
items to 
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Discussions 
BA Haptey, Aw. Soc. > (by letter). 


ay statistics and capital expenditures made by the railroads a: are readily available to 
any one interested in the subject, from the , reports v which a are e required to be aes - 
the Interstate Commerce Commission; and all ‘such ‘statistics Land. xeporte 
_ are made on a uniform basis in a manner prescribed by the Commission. tew 
— On the other hand, information and statistics regarding waterway develop-_ 
“ment and operation must be gathered | with great effort from a large number 
of official reports of various departments of the Government. Many of these 
oa are issued by the Chief of Engineers of the United States Army and | 
others appear in the reports. of the Inland Waterways Corporation, a Gov- 


organization. The annual reports of the Chief of Engineers consist 


of bound volumes aggregating from 3 3 000° 6000 pages, f from which it 
no small task to assemble data per tinent to the subject, ‘under « discussion. bieals 
The Bureau of Railway Economics, which has been established by the 


sar sibiiwesie of the United States for the scientific study of transportation prob- 
7 


ems, issued | a volume, designated as Special Series No. 56, and dated Wash- 
ington, C., , October 1 15, 1930, entitled: “An of ‘Tnland 
Waterway Transpor tation in the United States.” The infor mation and 


statistics: given in the volume are as nearly correct as it is possible to have 
them, A based 1 upon the official -and unofficial sources of information from — 

which - it has s been compiled. — This volume furnished | a considerable portion of 
the foundation for the « discussion in the writer’s paper. B00 


joint ‘report? of ‘the Ss. Corps a Engineers and the United States 
—— Shipping Board issued in 1927 7 has laid down the principle that when the 


cost of water transportation is to be compared with the corresponding cost, 


of rail transportation, the former should include interest charges the 
capital investment in the | waterway improvements plus the annual ont 
operation and maintenance. Using these basic principles, and applying them 
to available statistics regarding the Mississippi River, the Ohio River, and — 
the New York State Barge Canal, the following situation is developed: bus 


(1) on the “Mississippi R River less than 
1.17 mills per ton- -mile, with allowance made for circuitous river : 
channels; on eight railroads which, in general, parallel that river, the 
erage inclusive freight charge per ton-mile is 10. 09 mills. doid 
ae (2) Transportation costs on the Ohio River, determined in a simi- 
manner, are not less. than 12.36 ton- -mile; on seven rail- 
ways which, in general, parallel that rive , the average ‘inclusive freight 
_-charge per ton-mile is 8.83 mills. mite 
ot | bine. (3). ‘Transportation costs on the New York Barge Canal are computed 
es; at 19.41 mills per ton-mile; on the railways of the Eastern Distriat 


aes the av erage 1 inclusive freight char ge per ton- mile is 10.90 mills. hp 


wide It must | be remembered that the financial statements issued by “- Talend 
= Corporation do not make any allowance for return on the capital 


stock issued by it t expenses of the Corporation do 


 8Chf. Engr. Mo. Pac. R.R., St. Louis, Mo 


Received by the Secretary, February 16, 1931. Sun 
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HADLEY ON RAIL AND WATERW: AY rn eer 


not include any provision taxes because the Government pays taxes 


to itself. - ‘These. items must be considered ‘a charge against revenue before 
any private investor would judge the operations of the Barge ‘Line to heen 
-earried out the purpose for which it was established, ‘namely, to demonstrate _ 


whether or n not the service can be carried on by private capital at a profit. 


Because of lack of statistics ‘it is not possible to compare the operations 
of private river car riers ; and those of the Government Barge Line with respect 


to their profitableness. | _ Even if the private carriers use free-o of-charge, ie 
proved waterways 1 made possible by ‘expenditures of Government funds, , they oy 
do pay taxes and may be presumed to earn a return on their investment or __ 


they could not remain in business. The same condition | is true of those 
companies which utilize the improved waterways for hauling their own raw 


materials and products in that they use the waterways free of tolls and find» 


| the water transportation a more or less profitable extension of their plant 4 


The statement is repeatedly made that the present means of transporta- 


tion will not suffice to meet the future | grow th of traffic incident to the growth 
country in population and wealth. President. Roosevelt in his letter 
creating the Inland Waterways Commission, in 1907, wrote: 
is common knowledge that the railroads of the United no 
longer able to move crops and manufactures rapidly enough to secure the 
prompt transaction of the business of the nation, and there is small prospect of 
immediate relief. * * * There is reason to doubt whether any development 
of the railroads esate in the near future will suffice to keep transportation 
President Roosevelt had before him the relatively large rail- trafic totals 


for 1906 when he wrote | this letter. Despite his predictions, however, the 
‘rail traffic ‘of 1929 was more than double that of 1906, and this increased 


teins 


them traffic was moved ed promptly without congestion and without delay to shippers rea! oN 
puis In its 1908 Toland Waterways Commission, “stated :} 
is clear that at seasons recurring with increasing frequency (the 


river | railways) | are unable to keep pace with production or to meet the requirements: ne. 
7 The National Waterways Commission in| stated’? that the rapid 


siml- expansion 1 of traffic between 1904 and 1907 had exhausted the ‘surplus capacity — 


oof the railroads and added: “With the next period of. expansion’ there is 
“tog | strong probability of a worse congestion of traffic than occurred before. ody 
puted While he was Secretary Commerce, President Hoover ‘made addresses 
viet throughout the country advocating the consolidation of the scattered sections _ 


improved waterways. In this connection he made the statement that 


niand growth « of population within twenty- five years would Produce such an 
pital 
on do 


, National Waterways i. 1912, p. 575. | 
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HADLEY ON RAIL AND WATERWAY TRANSPORTATION 
of demands of traffic upon them, For several ‘years 
congestion has occurred and reports the of 
prover 
The construction operation any system of f transportation involves ways 
: xpenditures of 1 money and it may be briefly considered that ‘the p 


would 
pal items” of expenditure are, as follows: but fi ‘reach 


The cost of ‘construction of: the ‘iteelf, which usually Me 
runs into hundreds of millions of dollars for any large project. In 
mee — case of a railroad its cost covers the right of way, tracks, and other 
_ permanent structures. In the case of an inland waterway, it covers a 


by Mi 


cost of construction of the canal or improvement of the river, with staten 
locks, dams, and other appurtenant structures. 
The annual charge for capital ; that is, the annual interest rate 
oy charge « on the money invested in the construction or improvement. i 
_ (8) The cost of necessary equipment, whether in the form of rail- 


locomotives and rolling stock, or of ships and barges. 


‘ii ant road right of way and tracks, or river and canal), and of th Doge seal 
he oo Proper charges for depreciation on plant and equipment. 
— (7) Necessary payments of insurance premiums and taxes. 
The direct cost of the transportation service itself, 
wages, cost of fuel, materials, and supplies, and the cost of supervision on the 


‘Unless all these items are considered and accounted for, no fair -compari- tran 

fs “a ‘son of. the relative costs of the two forms of transportation can be made. us 
nt The paper presented by. Mr. Cornish as a part of the Symposium ‘makes : - 
4 at forecasting annual freight transportation demand of the 
United States by 1950, together with an estimate of additional railroad” The 


ioe facilities required to provide f for proper handling of that portion | of the “for co 


in ma 


4 inerease \ which would go to the railroads. 
liscussion, Professor Sorrell sets forth in a convincing manner 
e the fallacy of attempting to forecast the probable freight traffic to be carried 


-easts brought down to the year 1943 showing such wide variances that 
‘reaches the! conclusion | that i is unsafe to assume that: the trend for the 


by the railroads in 1950. Furthermore, he states the results of similar fore: 
4 


le 


e of the include return on the investment a and and 
ie has also used the arbitrary differential of 20% in water rates under the 


rail: rates | as his measure of the : saving in transportation costs by use of the 


Mr. Cornish has further disregarded capital outlays already made for river 


improvements ‘and terminals by ‘use of public funds, “except ‘those terminals 
used by the Federal Barge ‘Line. i He + also assumes that the present average 


‘teach receipts of the ‘railroads of about 11 mills - per ton- -mile will sia in 


— 
— E 
_reduct 
— 
a 
— 
— 
aN 
=e a ae his comparison of costs of transportation between the railroads and = 
= 
— 
— 
— 


1950; however, should | the i increase in on the railroads develop to the 


point estimated by him, it is probable that, freight rates could be reduced 

“materially, which lessen the s: savings he estimates es due to waterway 

ways transportation are considered, the estimated savings on this account 7 
would largely disappear, particularly if the in waterways 

of the same fallacies in reasoning appear in ‘the ‘discussions 

Colonel Kutz, and Mr. Hobbs. Mr. Brent comments ts somewhat on n the paper 

by Mr. Cornish’ and toward the ‘end of his discussion makes the following 


“The day of railroad transportation is past. ing iner ea 
p pa ping 
in rates are being made in all important territories to bring railroad rev 


to the mark fixed upon as “necessary to support and expand the plant.” iia 


ae 1922, the Interstate Commerce ‘Commission ordered a 10% general = 
reduction of freight rates in the belief that this would give e “fuller assurance 


to the carriers of realizing the fair return by the law.” _Binee. 
that date the Commission has” granted no no “s 


on the contrary there has been a continual paring downward of rates so that 
the pr present p per ton-mile earnings of the railroads are less than they were 
f lowing the reduction made in 1922, and there appears to be no indication 
the part of the Commission o of allowing any general increase in rates. 
— the last analysis: it appears 3 that most of the pr proponents of. waterways. 
"transportation give consideration to only a part of the costs of such service 
their comparisons, the ‘remainder being borne by 
Government, or other pu public authority, 1 while the railroad figures include all the © 
elements of such costs and are borne directly by the railroads themselves. 


The total cost of each form of transportation should constitute the only basis 
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br P. MA M. Am. Sox Soc. 


supplemented the paper with the po. ports” of North 
China and their ‘respective advantages and disadvantages. 
association with the Chihli River Commission makes his remarks of particu- ree 
lar value. As he si states, all the rivers of North China are obstructed by ocean = 
bars. These bars and the very extensive mud- flats, which reach many miles — 
out to sea beyond 1 the coast line, are formed from the deposits: of silt brought Pe % 
down from up river duri ing the “freshet” season. ‘Mr. Goodrich states that at the en 
percentage of silt in the waters of the Hai River on occasions has been as ae 
high as 10%, furthermore, the silt is composed of the so-called “loess” soil 
and is of so fine'a nature that it offers considerable difficulty to being remov ed 

by drag- suction, hopper dredges because fineness prevents ‘its settlement 
i This class of dredge has. been used on ie’ Hai River Bar since about 

i but the plant is insufficient to obtain a depth of more than 9° ft. at low water, 


and the maintenance of this depth offers considerable difficulties, so_ that it 


~ 


is frequently reduced to 6 or 7 ft. during the “freshet” ‘season. 


Mr. Goodrich ‘States, | in 1925, the construction ‘of two training 
was undertaken, at the mouth of the Hai River. These walls were com- 


pleted in and the work of dredging a channel between them 


4 ft. naturally obtained. - The sites of the two walls. at the bend in the Hai 


River known as Deep Hole, are shown on Fig. i. i They were to extend ad 


about 3. 5 miles into tl the sea beyond 


NOTE. The paper by P. N. Fawcett, M. Am. Soc. C. E,, was published 
in May, 1930, Proceedings. Discussions of the ‘paper have appeared in Proceedings, as 
follows: September, 1930, by. R. D, Goodrich, M. Am. Soc. C. E.; October, 1930, by Messrs. 
Herbert Chatley, and H. é. Ripley ; and December, 1930, by B. Okazoki, M. Am. Soc. Cc. E. 


-in-Chf., Lower Liao River Conservancy, China 
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BAWCETT ON TRAINING WALL ACROSS LIAO BAR Discussions: 


g was begun, no sill was placed at QC “_ 
Hole there is a low-water depth of 40 t., , and to make matters 


= worse, the engineers placed a dam across - the entrance between the two dikes. 


= This dam was carried to the same height 2 as the dikes, and, therefore, it placed 


the dredges in a kind of dock. _iIt is evident that if any § “success: was” to be 


obtained, no dam should have been placed across the entrance, but on the 

other hand, every inducement should have been offered to the ebb currents. 


enter the cut and assist the dredging. A submerged ‘dam, built to 10 ft. 


across the bar) should have across, ss the Deep Hole at 


The dikes should have been extended into deep water 
should have been ‘avoided. 


aA 


Fic. 11. -—SyYSTEM ATIZATION OF THE H NTRANC B NNEL 
STEMATIZATION OF THE HAT RANCE AND BAR CHANNEL 
wot x ft a? iy g to ta 1 
Tt was found that after two ‘years intensive dredging, the mud level still 


the same between the dikes it was outside them, ‘because these 


methods had not been ado ted. 


nancial plan resources of ‘the 


‘8 rvancy were ‘insufficient to pursue the plan further, and partly from 


of the plan and the 

Tind ofl che pr a 

In the writer’s opinion the present 
natural Deep Hole should have been utilized and trained carried 
out in its continuation across the bar. As it is, more than $1 000 000 (gold) 

spent on this plan, all of which was a total loss. 


Mr. Goodrich has always felt, ‘that a ‘single curved jetty across, the Hai 


Bar might have provided the desired benefits. The writer coneurs with this 
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=. as 1902, while he of ‘the Hai “River C 


its mouth, which was afterward an additional wall. In 
locality, the ‘single wall increased the across the bar 


ft. He is. of. the the opinion that the results ‘obtained on the River, 


_ into the Yangtze River, a fairly sheltered locality — as compared to the sea 


“coast. . Every situation must be. judged on its merits ‘and each of them 
presents its own particular problems. In the case of 1 the Liao Bar, whaee the 
ebb and flow of the tidal currents take place in the directions described in 
the paper, and where the bar is situated 8 miles from the river ‘entrance, the © 


writer is is of the opinion that construction of a second 


would necessitate too great a risk, that the expenditure involved would not. “ 
be justified by the increase in the depth that might o or might not result. > 


Added to this, and partly owing to the intensive ice action, a very high © 


annual ‘maintenance charge would need to be added to the capital cost. Tt a 
_ was with these points in view that the writer limited the construction to a 


‘Mr. Ripley? considers that the increase in depth across the: Liao Bar 
caused by overfall of the flood tide. This, , however, is not the case, there 


| being practically no overfall, the flow of the flood tide taking place 


mg show + that the scour induced by a single training wall can be usefully ‘sup 

eG ie As Dr. . Chatley states, t the conditions i in the two localities are very 4 

j i In the case of the Whangpoo the bar was situated where the river -debouched 

nber 


quietly and the surface of the same level on both sides 
of the wall. The writer is, of course, familiar with Mr. Ripley’s proposed 
method of doepmning a bar by beginning the construction from the 
end, and working inshore, but considers that it would be. difficult to persuade 
| still commercial bodies to sanction such a method of work. 
), these abd Dr. Okazaki is quite correct in pointing out the difficulties of improving — Do 
‘the flow of the upper river owing to the refusal of the Chinese authorities 
sulting to take : any constructive interest in matters of conservancy. _ Had funds a bie 
project. Fi forthcoming, the training wall across the Liao Bar could have been completed _ ix ¥ 
5 Coe in two instead of ten years. . Furthermore, it is probable that a greater im- ae 
eee proved depth would have been obtained, since the alteration of ‘the surface 
nd, Slopes: would have taken place more suddenly. Bar. 
aa _ The writer agrees with Dr. Okazaki that the tidal flow is of the greatest 
resent in obtaining and maintaining a channel across the bar. does 
“not concur, however, with the view expressed, that the improvement of the 
-fresh- -water flow should not be undertaken pending the completion of works 
 . &§ on the bar... Far from this, the records of this locality show that the — ; 
ihe FS ration of the bar dated from about the time when the Liao River was diverted ao 
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AWCETT ON TRAINING WALL ACROSS LIAO BAR April, 


Was @ 


of the has become en "encumbered with islands which are | 
ae ecreting great ‘yapidit ty and thus excluding. ‘the tidal influx, so ‘that Ate In 
is a ‘matter of time—unless: adequate steps are — dredg 


a 


is -known | axiom ‘that “tidal rivers. ‘cannot 


their fresh- water flow.” It was with the intention of securing its original 


4 fresh- water discharge back to the Liao Estuary, that works were built by the 
Conservancy Board in the upper river an and the weir and cutting described 


by Dr. Okazaki were constructed at a cost of approximately | $700 }000 (gold). 


a spite of the writer ’s continued warnings, these works are not being 


’ utilized to their full extent, , and practically no reversion of fresh water has 


since they were completed. Unfortunately, the Board has no control 

i. over the area, as it is under Chinese jurisdiction. _ In the case ‘in point, 

i instead of causing the cutting to be scoured t to its full width of 800 ft. 
: and the fresh water. reverted past ‘Newchwang, the cut is maintained at a 

width of about 100 ft., and the remainder | of the land between the embank- 

os ments i is leased by the officials for farming in spite o of the fact that this land 


fas 


id Works built up country in China are ‘also subject to much damage and 
interruption by the local population and banditti, a weir constructed 
-— aeross the Shuangtaitzu River in 1912 to re-divert the flow back into the 
Liao was destroyed by the villagers as soon as it was | completed, because | it 
interfered with the lucrative. practice of salt smuggling. Hew 
Okazak i believes” that it is better for. the estuary and bar if this] the w 
discharge i is to continue to escape down the Shuangtaitzu 
River as it carries an n extremely high silt content, whereas the tributaries, the 
Taitzu ‘and the Hun, are ‘comparatively siltlees. The _writer’s views are | 
entirely the opposite, and | he v would point out that the silt of the ‘Shuangtaitzu 


= 


_ bar into deep w water at sea before settlement occurs. ‘The Hun River and g 


— Taitz River, on | the o other hand, show clean and clear fresh-water discharges; 


heavy sand along the bottom, which, on one occasion, completely silted the 


bove the river sand 


this “freshet” samples taken for elit! content, 1 ft. 
bed, gave no indication of ‘this sand. In view of this, the silt table (Table 1)@ #£Th 


-_ presented by Dr. Okazaki would give no indication of the true nature of the 10 ft. 


#29) The fineness of the Upper Line silt is somewhat remarkable as s shown in 


‘Table 2 . In this study, 51% of the Liao soil was found to have a grain 


In writing this paper to describe the effect on the Liao Bar of construct: 


ing: ‘the single training wall, the writer felt that. particular interest would 
attach t to the pray considering 1 the fact that see ag had been used in 
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FAWCETT ON TRAINING WALL ACROSS 1 L LIAO 


29 


1929, the author was enabled to purchase the 


he dredge, Java, from the Dutch Fast Indies Government. This” vessel, built 
in 1911, is fitted with twin pumps and | propellers driven by engines of 560 
and 900 The suction pipe 2 is 37% i in. in diameter an 
trol ‘ "Percentage passed through sieve a of. 4.900 oof | pre 
meshes per square centimeter.......... 45 

int, Mean size of grain, in millimeters*.. (0.102 053 

t “cone. ot Navigation. described t by Messrs. . T. Heyblom A. G. Maris, er 76, 
and Dredging was begun in April, 1930, of 
due to the > enormous quantities of i iron | bars, wire rope, Chinese anchors, ete., 
and = kept - interrupting the w work, a channel 12 2 tt. deep and 200 ft. whe’ had a 7 
ected a Imost been completed by the end of September. Freshets then brought. down 
‘the i ge quantities of sand | from the Taitzu and Hun Rivers, with the result © 
se it that the dr edged cut almost became obliterate od. 
this | of opinion n that ‘the damaging ‘sand ‘deposits ‘of the Taiten 
ritzu | and ‘Hun Rivers would be flushed across the bar and deposited out at ae 
, the | The situation ‘is very similar to that at Tientsin” to which M 
ar 1] attention, where disaster is caused the improvement w 
are calls a E 
aitzu | 
the portions of ‘the 3 rivers: and The Ww writer is, therefore, not i 
' and ‘agreement v with Dr. Okazaki and considers that the permanent ‘improvement 
of the bar is ‘impossible, unless the and are first put 
1 the regards the dredging plant required, a channel across the bar 
a should be obtainable with the dredge, Java, as long as no further ‘excessive 


The writer does not consider that the height of the waves 


10 ‘ft, no flattening of the channel has ever been ‘experienced after 
‘storms. On the other hand, at the Hai River Bar, the channel is. beaten 


wn down. and reduced in depth after each severe storm. The failure of such 


‘storms to flatten the Liao ‘Bar, the writer believes, is ‘entirely due to the 


y protection offered to the channel by the training wall, which receives the force 4 


would ang Pie ent 


pe 
j 


for its 
— 
a 
& 
% 
of the — 


¥ 


no 


7 


ox hak odi ad fon ot 


ah 


— 
— 
— 
q 
ay 
line 
tensil 
— 
— 
— 
| 
1930 


AMERICAN “SOCIETY OF CIVIL ENGINEERS 


eer 


q REDRIK -Voer, Assoc. M. _ (by let ten) 17a__ —Gravity dams 
~ are now designed to heights which surpass those of all | previous ; dams, and hence 

stresses are approaching the allowable limit. For such large dams an eventual 
saving by reducing the ratio, base width to height, i is so great that it pays to 

_ improve the analysis in order r to find the lower limit of this ratio which can be _ 
used without danger, and to ascertain the actual value of the safety factor. It — 


fortunate, therefore, that the author chosen for discussion the. stress 


is whether or not the classical theory, which supposes 


a linear distribution of the vertical normal stresses, is on the safe side. ss the ; 
tensile stresses are . the ‘most dangerous, particularly those at the u up- -stream face, as 
‘since the tensile strength of of concrete is not to be trusted, and since =e 
tensile cracks at the up-stream face will eventually cause “uplift forces from — 


water penetrating into such cracks, m he greatest emphasis, therefore, shewld be 


at the up-stream ‘face are eliminated as far as possible for all anne’ in a. 


- According to the classical theory, the triangular- shaped dam i in Fig. 1 w 


be exposed to maximum principal stresses, m=—gy 
pirenm face when loaded, and N, = — w y, at the up- -stream face when unloaded. 


are never used. 


at the down- 


= 62.5 and w = 150 Ib. per cu. ft., , this gives | k= 


paper by B. F. Jakobeen, M. Soc. C. E. was published in 


+ ie 1930, Proceedings. Discussion of the paper has appeared in Proceedings, as follows: Sep- — 

tember, 1930, late William Cain, M. Am. Soc. C. E.; November, 1930, by Messrs. 

a = William Gore, J. Mensch, Johannes Skytte, and Lars R. Jorgensen; January, 1931, by ae ; 
= Messrs. C. A. Pp. Turner, Donald P. Barnes, and Anthony Hoadley ; and February, 1931, by 


Messrs. Fred. Ww. Ely, and M. H. Gerry, Jr. 
wv Docent, Norges Tekniske Hiiskole, Tronahjem, bigs 
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IN GRAVITY ‘DAMS 
3 compression of 600 Ib. per sq. in. is then obtained for 4 “y= = - 407 ft. Even if the 


a theory is not accurate, this. will ‘suffice to prove that the magnitude ; 


of the compressive stresses in gravity dams has no direct significance in n the 

j design before the height is “approaching | or surpassing 400 assuming 
first- class concrete and rock foundation are obtained. 
i It seems desirable to study in detail the solution by the classical theory 4 
a comparison with the ar author’s method. _ Using the notations from Fig g. 1 
the author § gives the stresses according to the classical | theory i in ‘Equations (13), 


and these stresses satisfy the equilibrium equations and the boundary condi- | 


as tions both at the up- -stream and the down- stream faces. Let e, and ey be the 
ol a point, 2, or the two-dimensioned sy stem the com- 


= 


~The displacements, e, and ey, can be eliminated after derivation of Equa- 
cas tion (63) | for e, twice with respect to y, of Equation (64). twice with Tespect 
9 x, and of Equation (65) twice with respect to x and y. By introducing the 
equilibrium Equations (6) and the derivative of Ne with regard to 


can also be eliminated, and abe following compatibility equation is obtaine 


~ 20 6 6 


 ‘Bya repeated double derivation Nz also can be eliminated , but the form of 
Equation (66) is convenient for the purpose in question. 


, by integration: 


w\ 


x e+ d (68) 
ees The coefficients, a, c, and d, give only the position of the deformed section 


ig relative to the co- ordinate system, but have no influence on the stresses or on 
the deformation of the section. bas 4 oT 


The dead load is placed ssucce essively during th 1e construction period, and 


part of the dead load deformation , therefore, is obtained ee the section is. 
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conerete also will be partly ‘plastic: and “not elastic; and the modulus 
elasticity is lower for fresh than for aged concrete. it seems bette 


_ consider the stresses and deformations due to water load only, which are found | 


by x making w equal to zero in . the equations. The author's” criticism of ‘the 
classical theory also mainly concerns the stresses due to water load only. : 


For the foundation line of the section, h) is a the 


a rtical displacements are then given by a parabolic curve convex downward aM 
since the equation for ey contains a term, with a “negative coefficient. 


mpleted. (68) is not valid for the pet load. The f fr 


a 


| Assuming that m = 6 and = the rise of the is found to be, 


BY 
of the base lin 


0.645 


or Dam SECTION DUE TO WATER Loap ONL 


24, in to ‘straighten the line, A’ B’, 
lengthen it to fit the line, A B, of the foundation. " Shearing stresses directes 


from the center toward A and B are necessary in order. to increase the length, : 
but these acting alone would increase the ; rise. Hence, the additional normal 
"stresses must be tensile stresses near both faces and compressive stresses at the 


“center; that i is, the corrected normal stresses due to water load only “must 


by the classical theory near the ul 
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‘STRESSES IN GRAVITY DAMS Discussions 


* only, will lengthen the height, h, of the up- alia face V with —9 


To straighten the line, A' CO’ B’ , 80 that it coincides with the ae ah 


the distance, A’ AN , equals times 0. 22 an average change esses 
both “faces equal - times —— approximately is required. 


Because of uneven distribution of. these additional the height, 


be ‘added | may y be somewhat larger at the base. 
Aes 2 The foregoing remarks are based on the assumption that the foundation 
_ unyielding, but it will always yield elastically, and the deformations can be 


computed for any given load on a plane foundation, : as | shown | ina paper 7 the 


writer. It is convenient: consider 1 three differe of n the 


foundation, namely, the direct | pressure, per unit area on foundation at 
the’ left of A, the shearing stresses from the dam between A 


Foundation __¥ ,—Foundation a 


OUN 26. —VERTICAL DurorMATion OF FOUN 


: dives, lo ad appli ed a at the left of A will bend ‘the line, AB, of the 
becomes convex ‘upward (see Fig. 25). The middle 
. ordinate 0 of the curve for this length can be » computed by ‘assuming that the 

“s length, . A B, is small compared with the length of the dam a and as width of of the 


The equation for this purpose is, 


The shearing stresses, with ‘distribution, given by Equations (13), will 


: ee a also curve the foundation line, A B, the same way (see Fig. 26). | Then ppadle, 


ordinate i in ‘this case. is ‘computed by means of the general formula 


8% “Ueber die der Fundamentdetormation,” Norske Videnskaps- -Akademi, 
oc. cit., p. 7. 


accor 


 stres: 


avers 


— 3, less than is the same as th 
eh ie the down-stream fa m the water 2 | com 
— | The 
— 
— mue 
a | foun 
whic 
— 
— 
— 
— 
= 
— 
wi 
— 
— 
“Fig. 2 
DAT 
rin 
which 
stream 
togethe 
— nat? 
the ad 
— 


STRESSES 
Both of the foundation line increase 
already « shown in Fig. 24, rise of the different curves | is (assuming 


(0. 0.14 + 0.20) 56 mat be 


smn 1 by stresses, as cans in | Fig. 2 24, which will deform both dam and 


foundation. Since the foundation is assumed to yield, the method of estimat- 
ing used in connection with Fi g. 24 cannot be applied directly to this case. | 
| ‘The writer believes that the stresses due to water load may be changed _ 


much a as 25 to 30% because of this. curving. . According to Table 5 the author | De oe) ; 
found an increase by his method of and —2 28% at the two faces, 
which checks very well with the writer’s estimate. “Ht 


The bending stresses on the foundation due to water Joad « on the dam are, 
according to the classical theory, + at both (see Fig. ‘These 


_ stresses will deform the foundation to an S-shape, as shown i in Fig. 27. th - 


avera e tilting is represented by a line, A’ B’, or, ta ebay = 
—1 3 gh A 0.72 y 


(Qn 
of Element 


ivy) 

__— Deformed Foundation 


“Additonal Normal Stresses, 


Fig. 27.—VERTICAL pe on 
DATION DUE TO MOMENT STRESSES AND 


The maximum deviation from the straight line, _A’B re found at A and B by 


‘whieh in this | case is equal to 20% of the total tensile deformation at ae 
‘stream face. In order to adjust the dam and foundation so that they fit 


together, “additional stresses must be applied as shown in Fig. 27. Iti is difficult 
toe estimate the magnitude of these stresses. However, since they change fom. 


“maximum tension to ‘maximum ‘compression in a much shorter length than re 
stresses ‘shown in Fig. 4, it is obvious that they ‘must also 
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at depths whi w 


ecrease to zero 


be 1 large, but the effect will be negligible at a 


base width, A B will be changed by the ‘deformation of founda- 


‘a on which a again may cause some new redistribution of the stresses. hole 


ments then reduced to. -half. for reasons 
 Siewusned, such computations for the dead load deformations cannot be con- 


Be author’: s method i is based on the assumption that the stresses, 
_ distributed i in ‘the same manner ‘for two joints | at different elevations and that 
the magnitude at two. ‘points simi nilarly located these joints is proportional 


to 4 y. Two points are similarly ‘Tocated i in the horizontal joints ; if the ra 


—, is the same for | and 


expressed by the formula, 


can. quation (TA) by « developing ) 


integrated. 


75 


1 


9g h (y) are two independent of y e correct- 


ness (7 6), and (77) can easily be checked by introducing 


in Equations and are ‘satisfied since —— = — an 


pen the functions, 9g (y) and h are to 
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by) = bs 
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the dead load stresses were applied aiter the construction was complete 4 
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equa 
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Joby 
For convenience, let F (2) be a function of z = and let the | T 
derivatives thereof with regard to z be (z), F (2), ete., 
defined so that F” (z) = f (z). Then, by integration, gatist 
= ad! defor 
— of the 
wi 
— points 
— 
tests 


these functions in 


"tions (75) to (7 both t and “ean by 4 y times the functions of 


only; that is, by equations the type given in Equation (74). 
i. stresses satisfy the and by introduc- 


{ 


: Since” the squared polynom cannot become zero, the compatibility equation is 


ae 


equation is identical with Equation (10) representing the 


In this 1 manner it has been that 1 no stress ss functions exist, 


time give stresses: to the depth, y, at joint: 
has proved that the > classical theory | does satisfy the compatibility 
equation at the foundation line. Hence, no exact solution can be found at 
i by means of stress ss functions of the type of Equation (74), or by Equation a 


(15), which i is only a special case of Equation (74). 
’ | oa he classical theory ¢ gives stresses which are greatly i in disagreement with 
3 nad compatiblity equation at the foundation joint, and several large correc- — 


tions are required. For: non- -triangular sections the classical theory does not 
atisfy the compatibility equation even in the 


author’s: theory | gives stresses which include approximately a number 
necessary corrections, namely, all except those to the S- shaped 
"deformation of the foundation. — It has been proved that the method ean be 
only a approximate since the compatibility « equation is not satisfied. An exact 


_ solution can be obtained only | by stress functions of a more complicated type. 


However, even an approximate ‘solution means a great step forward. 

By! The deformation of the foundation is the key of the correct solution tinned 

- change in this deformation will also change the stresses ‘in the dam proper. ial ay, 

Exact: ‘solutions including this point are difficult to find, particularly because 

of the corners at the heel and the toe of the dam, which represent singular a 


; i The best check on the theory can be obtained by : model tests. . The ee. 


ment with the classical theory. 


“the author’ 8 theory and with the ‘stresses shown i in 27, but in 
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ES IN | 


base, these tests slight curving of the e diagram for the vertical 
in agreement with the author’s theory. _ The writer has been connected with | 


tests on models of arch dams, and such a curving of the stress diagrams was 
found probable. However, ‘these tests were conducted with other problems - 
view, and the results regarding this particular problem are rather indirect and ? 
- should not be taken as a definite proof. it is to be hoped that the “model 
tests demanded by. the Consulting Board for the Hoover Dam give final 


olutions of some of, these problems. 
a Tensile s stresses may | also be produced by volumetric changes in the concrete, 7 
only in longitudinal, ‘but also in vertical, ‘directions. Horizontal eracks 


have developed in a number of dams,”* and such cracks have been observed 


even at the up- -stream face of the Barberine ‘Dam, in Switzerland, the Sain 
Mare Dam, in France, and the small ‘Tommerholt Dam, in Norway. _ These 


eracks” are obviously « caused by non- -uniformity in shrinkage and temperature a 


in the mass. Such non- -uniformities, therefore, have a significance comparable 


ith that of the tensile stresses found by the author. 


Another danger o of tensile stresses is introduced convex curving | of 


the down- stream face in a vertical plane, shown in Fig. 28, If principal 


compressive stresses, 7, are acting parallel to the face, ‘the convex curving © 
a. will eventually be followed by tensile stresses, ng, normal to the face. On the 


ri pa of the hatched element, A BC D (Fig. 28), no shearing stresses are — 


be R me + w w dz Rk da sin a=n, dzda 


‘That is, if n, is larger than R w sin a, 


ike 
2 


Mg, will be developed normal to the face, increasing from zero at the very face 


te a maximum some place i in the interior. ‘This maximum value depends: on 
direction and t the magnitude of the first principal stress, the 


: interior. . The greatest , danger of such tensile stresses is obtained for dams with 
sharply curved steep down- stream face, that is, ‘for small: values of Rand 

Such curving of the down- stream face has been “suggested, in to 
reduce the maximum compression in high dams, but a reduction of the com-— 


pressive stresses: accompanied by development of tensile stresses is no better | 
Ss than going from “the e frying pan into the fire”. lf Furthermore, the English tests 

| Fig. 8), indicate that the compressive 2 stresses can be reduced by curving the 

- opposite direction, and this opposite curving shown on Fig. 8 will not introduce “Supp 


tensile stresves. The suggestion to curve the face, as shown i in Fi ig. 28, is 
tions 


yey based on the assumption that the classical theory is correct not only for triangu- i 
2 a lar section, but for all sections at ae tom of shape, which i is certainly not true. 3 


by Fredrik Vogt, Det Kgl. Norske © 


Ap 
— 
— dal 
— 
| 
— Re 
— | whi 
&g 
‘slic 
— 
— 
ay is t 
= 
intr 
wy 
— 
bot 
— Ne tion 
— stre 
— 
— 
&g 
— 
gro 
— 
Mak 
= 
tion 
tion 
inch 
cons 
> 
2a 
stati 
of th 


KALMAN ON STRESSES IN 


KALMAN,22 M. Am. Soo. E. (by 

akobsen introduces a new “method for studying: stress in 
dams, which like any new must be judged from two points of view, 
as expressed i in the « questions: What i is the intrinsic value of the method as 
applied to problems: of in general, and of dams in particular; and, 
results was the author able to derive it in making u use of it? 
aft The s so-called Ritz method has been applied very successfully i in the solution 
of. many problems i in modern engineering. Some time ago, this method, which | 
is. an adaptation of the Principle of Least Work, was first used in dam | theory ; 

_ by the writer?® as a means of determining radial shear acting between hay 
ims. 


slices, or between the cut faces of sections in cantilevers be arch dams. 


straight dams ét. as as 1996. Mr. Jakobsen’ 8 presentation 
is the first that has” ‘appeared in published form and hence the credit for its a 
introduction into the literature of gravity dams is due him. 
As to the results of the } paper, there s are : two distinct fundamental defects i in 


value that may be obtained by it its proper - application. _ vires 


stress distribution can be guessed. two or more stress dis- 
teratoma appear to be probable or possible. The most correct among them 


then be selected in some way. ‘Since a is involved, the assumed 


ous, assumed stress” distributions: may eb individuals”. 


Making use of this terminology, the principle of work states‘that amon 
all individuals of a given competing group, in which the true stress distribu- 

tion is also included, this true stress distribution yields a smaller value for the Se 
peor of deformation than any other individual of this group. — This formula-— : 
tion of the | principle of least work presumes that the true system of stress is 
included in the competing group, and condition is satisfied 


_ statically consistent with the given system of loads if the corresponding ae! 


of the end | reactions are selected | accordingly. 
In other words if the three : reactions are pl — 4X, X, and pl — 
respectively (inv which, X may vary), the result will, always be. consistent with 


4 the given load. The competing ‘values for the 1 reaction, X, of the middle 


a support include any number whatever between — ao ow and +a Mg Each of thes 
e numbers i is an ‘indvidual of ‘the competing group. — The corresponding end r¢ reac 
? tions are defined by the ex expression, p 1— —3X. If ie = 0, for instance, the 1e end > 
22 Visiting Prof., Civ. Eng., California Inst. of Technology, Pasadena, 
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KALMAN ON STRESSES GRAVIT DAMS 


‘To ) obtain the true reaction of the middle support, the prine iple of least 
work | may be used and thus the reactions are found to be equal 3 pl :8,5 pl :4, 


pl:8, respectiv ely, a result which may be verified by other means.  Henee, 
of least work permits an absolutely exact 


a because the true one is present in the competitive group of sets. ‘ea a 


An entirely different condition arises when the given ‘sniiananlihiin group 
ot actually contain the true stress tem. Then, the 


other stress system in the group will constitute the 


possible approximation to real working stress system, ‘unless another 


‘from — as. s X in the foregoing “Since the parameter: 


may assume any value whatever it is obvious that this range of possibilities 


include the correct one, which i is to be determined. 
ime the other hand, in all problems of advanced statics or elasticity, in hich 


a> the so-called Ritz method of the principle of least work is applicable, an infinite 


ae _be taken into consideration. | For instance, in the case cited herein, parameters | 


should be introduced for the values of the unknown stresses at all points of the 
triangular profile which _Tepresents two-dimensional region 
number of At is clearly imposaible | to deal with ¢ so many 


‘stress system, the exact ‘representation of which would require : an 


F number o of ‘parameters. ‘The underlying principle i is the same as in the case of 
the approximation « of a function by 1 the first n terms of a | Fourier o or power 


Inone case, ‘the designer i is sure that ‘the individual selected. by application of 


represents” the correct solution. In the other ease, he is sure 
that the individual se selected does not | represent the correct solution ; it represents 


a: This fact raises the question | as to how to estimate the degree of approxima- 
~ tion and how to secure satisfactory results in all cases involving the application 


iltied Consider a beam fixed at one end and acted ‘upon by a single load, P, at a 


free end, ‘as shown: in Fig. 29. Assume that the longitudinal stresses are 
_ distributed in accordance with the following equation: Abie! 


‘The parameters, a and b, may be assumed to be any ee whatever con- 


sistent with the e condition of equilibrium for the given load. The most satis- 
factory ‘combination may be found | by applying the principle of least work. "7 


~ number of tentatively assumed values in an infinite number of points ) must 
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DAMS 
The integral of oki will reduce the simple expression, T 


0 


sin? y He sin’——y + 2a b sin —— y sin —-y )dy.(86 
The form of Equation (85) indicates that the stresses are in -equilibriu 
i In addition, they : must alii the bending moment caused by the load, “a 


this requires that, Wee: 


- 


~ 


a In other words, the most satisfactory ‘combination of a and b is that in 


b 


- which a + } is a minimum, and 9? a = Therefore, the 


za 

| _ Accordingly, the most logical approximation of the true stress system is 


expressed by the following equation: =“ 


The curve of this equation as plotted in Fig. 30 is a one. 

No engineer would ever attempt to apply this kind of distribution as a sub- j ee s 

stitute for Navier’s linear law. “Nevertheless, of all competing stress systems 


: represented by Equation (85), this i is the best approximation to ‘to the true stress 


~ 


5 eo From this example it follows that even . the correct application of the es, 


3 are 

of least work may yield the most absurd results. In other words, 

~ a8 prudence is required when the principle of least work is used in the form 
(85) | known as the ‘Ritz method. The result thus obtained will be only a more or less 
satisfactory approximation of the actual conditions. This i in contrast to tothe 


) 
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STRESSES Discussions 


"similar to an 


is what has been in foregoing that 
results obtained by the author will depend the skill used i 
ty 


do Equation (43), as given by the author. Vice versa, 


‘matter of fact the s stress systems that actually apply i in the case of a a dam will 
ite) 
be those of elasticity. ‘ This difference in the characters of the - two stress dis- , 


_ tributions, which may be large quantitative ely, constitutes the first edie : 
ch more correct way would have been to assume all competing stresses as 
_ elastic systems acting in the profile of the | dam. | Of course, these should be 
chosen sO as to be statically « consistent with the boundary stresses defined in 
a with Equations (15), (21), and (22), by n ny and ¢ along the base aie 


he dam. Each stress system defined by n y and ¢ on the base, ‘determines one £ 


elastic system the ‘profile of the and of all these elastic stress 


systems the most convenient should have been determined by means” of the 


course, there extremely difficult to be s olved, namely, 


how to determine in all those elastic” | Stress systems the stresses acting | 
in the ‘interior of the dam, thus making possible their substitution in n the 
i integral of work and the evaluation of that integral. py The author did not 
attempt to attack this problem, and, consequently, he was forced to assume 


a certain stress system in ‘the consistent conditions of stress: 


wa em 1 which ‘furnishes the quits value of the work. He then states that 


this is the ‘most probable stress distribution in the dam. The v writer feels, 
“> 


— rinciy he most accepts 
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however, that the result obtained, without considering | at all the effect of the 
"foundation, will not represent even a reasonable approximation of the true 
\ 


| 


"different types of atin supports as shown, for example, in Fig. 31. Not 
only will the different | structural shape of the supports have its influence on 
the resulting stress system in the combined or integral section of dam and 
foundation, but the presence of incidental loads acting directly on the founda- 
tion, as shown in ‘Fig. 31, will also have its effect. - The author does not 
“consider this phase of the problem. According to him the principle of least 
work applied to the dam separated from the foundation, furnishes the best a 
Stress ‘distribution | in the dam, in any case, for ‘any shape o of foundation, and _ 
any system of independent load acting directly on the foundation. is 
obvious | from Pie: that in actual cases the stress distributions will ‘differ 


ne wuthor’s' aim was. to furnish | ‘distribution: that v 


— 
— 
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be 
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Evidently, stress conditions in the triangular cross-section of a dam will be 
the 
not 
long — 
Hiffer 
com- — 
that Sttutes the second defect in the usc Ritz’s method b 
fel, 


= 


a 
cured Is he satisfied that his result is an improvement over that of Lévy 


After this preliminary criticism of the author’s principles, some 


marks should be made referring to a few particular : statements 


nd 
Under Article IV. , entitled “Stress: Distribution by the. Principle of Least | 


“The writer has shown that the arch stresses found from the tests on the 
_ Stevenson Creek Dam agree remarkably well with the Cain formulas, when the — 
deformation and displacements of the abutments are included in | the caleula-— 
tions in the manner suggested by Dr. Vogt. - (See Article III.) These tests 
are, therefore, an experimental verification of the eines of Least Work as 


“aN ‘The writer cannot agree with this statement. By means of ‘the principle 


ae least work, certain formulas or relations between ove quantities may be 


derived, as, for example, between load and ‘stresses, or or between load  sectio 


ete. or example, the C Cain “express a a relation between el; 


i 


are re 
‘plate: 


"measurements. Be or the and may 


Be directly ; then the two parts of the Cain formula may be compared Saale while | 


wna they agree, one could declare that the formula i is 8 experimentally checked. ff the pl 
>> In ‘the case under | consideration, Mr. J akobsen takes the stresses found “refiner 


experimentally for the arch at Elevation 30 of ‘the Stevenson ‘Creek Dam and “when t 
- compares them with a certain load (depending on several parameters) which 
he determines by using the Cain. formulas. it follows then that th the load data Pt 
: at his disposal do not represent t measured quantities. - ‘They represent values 
Pepe reasoning from the stress data. In the writer’s opinion this does f gray 
constitute an experimental check of the Cain formula. Mr. Jakobsen has sar 
mer ely applied the Cain formula to evaluate the load. Wh 
Suppose, , furthermore, that the experiments had revealed d variable horizontal “tributi 
load. | _ This might | have e occurred in the case of an arch dam with central angles § no mea 
of the magnitude | of those > normally used ; that i is, , central angles considerably a trian 


larger than th those which were unfortunately ‘chosen in the Stevenson Creek the cor 


a ” fae 4 In that case, the author would follow the same ‘procedure as outlined i in his 


pon paper and would find no acceptable agreement between the measured stresses 


and those obtained by Cain’ formula which assumes a | constant load. Logie: 

in the « case of arch dams. the contrary, | however, the does hold 
len in this case as it does in all phenomena thus f fas neue 3 in the field 


of the deflection conditions in the foundation. the 
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AN On STRESSES IN GRAVITY DAMS” 
ry 


th he distribution is different from that implied the Cain 
Appendix 2, Mr. Jakobsen states that ‘ ‘Equation (27) does n not satisfy 
‘Equation (48); and, according to Féppl, it not”. 
tod Now, he dealing with st stress systems of a competing group without 
‘requiring from them anything « except that ‘they be consistent with the —. 

of load, that is, water pressure and ‘dead load. An n infinite number 


elastic: stress systems may ihe found that satisfy this all of 


revised to read, “and according to Foppl it need not”. wy 
7 In Appendix Ill, the author places considerable emphasis on the fact that in 
the interior of a thin plate which is loaded by lateral forces and is free from — - 


any load on the two parallel faces, there may be, or will be, stresses ‘acting ee 


normally to the plane of that ry plate, 4 
‘The writer believes that: it is of no use’ attempt to provide for those 


stresses at ‘the actual beginning stages of a research. Consider, for example, 
two horizontal sections in the profile of a dam, and as sign to them the stresses 


“indicated i in Equations (15), (21), and (22), respectively. two horizontal 


_ sections may be a considerable distance apart. It is ‘ded that the nat ure of 
the elastic stresses may change infinitely more between these two sections that a : 


are relatively far apart than between the two limiting parallel faces of the . 
pot mentioned that are infinitely close together. On the latter the normal — 
& 


stresses are equal to zero and this implies | an exceedingly small margin es the 


dev elopment. of stresses in the interior of the plate normal to the faces. 


Nevertheless, the author neglects the possibly wide differences bet 


system and the true system in the region between those two horizontal section 


while he devotes” considerable s space to the treatment of the meer enn ge in 


the plate of elementary thickness. The effect is similar to that of iid 


refinements based on possible variation in the fifth decimal place of a fee 


when the numeral i in the first decimal place i is open to question. “ga a 


; - 
The author states that horizontal sections 


“that, therefore, in his opinion, they could not be aut basis for hie 
tion | of the trapezoidal rule, He also states that according toh his analysi 


; gravity dams, however, the customary horizontal sections give “practically” 
tie same result as normal sections. 


While the concept of a section and the application of Navi 


tribution law, are entirely satisfactory for beams « of limited height, it has 


no meaning in the Bente: ved of dams. | If the stress distribution on the base of 


a triangular section is assumed to be linear, then the entire clastic system or a 


the condition of stresses in the interior’ of the section is linear, as stated by ve ee 


Lévy many years ago. Hence, in that ease there is no difference at all 


between normal, horizonta , or inclined sections. The trapezoidal rule applied _ : 


to any of these sections will furnish the same result exactly, and not a 


conversely the distribution of stresses on the base is assumed “not to 
fhidas? , then it will not be linear on any section whatever in the interior of the mi ; 
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4 entire profile. The conceptions of the terms “ “section”, “resistance against ‘indin 
ay. 4 overturning”, "5 ete., are incompatible with modern stress analysis. Mr. Jakobsen — be ne; 


deserves credit for having abandoned in the present paper the conception Thee 
of the section, on which his paper quoted previously based, introducing pe 


the stress system defined along every poin in the profile by means of 


“The question now arises whether ‘Equation (15) can represent ¢ a curve hyp aig 
similar to Fig. 10 [which is the stress distribution of Ottley and Brightmore],— 
so that in case this is the correct stress distribution, the constants could be | rs 
determined so as to give a curve similar to Fig. 10. 
Then the author proceeds 1 to determine the constants for that case. 


“gail ‘The writer cannot understand the significance of that statement. ; Since: for 


the parameters. are conveniently selected, it is self- evident that such an an 
approximation may also be for the Ottley-Brightmore. stress curve. 


Therefore, the writer is ‘unable to the reasons for and the aim of 
such computations in connection with the e problem u under consideration. 


7 
ter 
since ‘every. curve whatever 1 may be approximated by such a a parabola 


rom Equations (25) and (26), the author deduces the fact that 
parameters are independent of the height, H. fact can be recognized 
ce oa without the u use of these equations since it simply follows from the fact that Bo ft 4. 
the competing ‘stress system is homogeneous. ‘Using polar « co- -ordinates instead 
of Cartesian co- -ordinates, all stresses appear to be functions of r and Boi in the 
a i form of rf (Bp). In other words, the parameters have nothing to do > with +, previo 

rece and will be independent of the longitudinal dimensions of the dam. en is in Gra 


* 


homogeneity of the competing stress system represents weak point (consi¢ 
a in ‘the author’s choice. it has | the apparent advantage that it simplifies the the ‘inf 


computations, but on examination i it proves to be ‘one of the less favorable time 
among ¢ all possible selections. In fact, since all stresses are the form rf (8) fully. 


they correspond to the type of elastic stress distribution defined by Lévy. This" sor Pre 
is) fundamentally in “opposition to the ‘conception of the integral profile com- The 


posed of the dam and the foundation. involves ‘simply repeating the Barnes 
Bey stresses in the foundation at an ever- increasing rate, due to the presence of clampec 
lad 


i ever- ‘increasing r, while it is evident that the stresses will | decrease and small n 
disappear toward the interior of the foundation. Stress conditions in the Mr. 


foundations as encountered by the author’s ‘aystem are shown a point 


Finally, in his closing remarks ‘Mr. Jakobsen makes the statement that, involve 


vat 
no according to Mach, only actual tests can determine whether or not 1 the he principle however 


of least work applies in any specific case. | shows 


The writer differs with this opinion that he believes speculative research basic di 
aoe is as important as s experimental research. They both help to advance science. up-strea 
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— ide by Mr. E. Barnes at the California Institute of Technology in 1929 and § Wcrease 
1930. In the writer’s opinion, all such tests supply unreliable information =z» 
7 4 ee as to the actual stress distribution in dams due to the influence of an infinitely J ™Zet 


“April, 1981 KALMAN ON STRESSES IN GRAVITY ‘DAMS 
extensive foundation and of the pressure on the rock with 
indirect effect on the stresses” ‘oom itself. These factors are and must 

7 


ead 


the a This opinion is based on rigorous theoretical considerations contained in _ 
previous paper by the writer, entitled “The Validity of ‘Lévy’s Elastic 


ad 


| in Gravity Dams”,25 in which ‘paper the deflection curves of the foundation © 


aed (considered as unlimited), were determined and plotted both with and without — 
the § the influence of direct water pressure at the bottom of the reservoir. ‘Since. the 
able time of its” presentation ‘European a authorities have shared opinion 
(B) fully. This was evident, for example, in a paper on dams eer by Profes- 
a _ The foregoing gen neral objections refer similarly to the experiments by Mr. “a 
the Barnes on a model having a moderately wide base, rectangular i in shape, and es 


e of clamped along three sides. ~~ The water pressure was re oresented by a pound 


. the ae Mr. Barnes’ stress diagram was a a kind of regular | curve e of third degree with. -g 
cally a point of contraflexure, w hereas Fig. 6, as “presented by Mr. J akobsen, has the | 
general: form of a ‘second- -degree curve. e. Both curves agree, inasmuch as 


Paid 
that, involve an increase of stress at the up-stream face. ‘On the down-stream ag 


ciple however, ‘Mr. Barnes found an increase of stress, while the author’s diagram — 2 
shows a decrease when compared with the linear distribution. ‘This 
earch basi Sevens, 7 F urther1 more, , the 1 magnitude of the 1 maximum stresses on the es 
ience. "P-strea 
tests 
‘tes! 
9 and increase as homes to 200 per cent. 
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path units 
nitely 13 and 


i 
_ 
fi 
. 
| 
— 
— 
— 
— 
— 
— 
— 
— 


Evidently, the two diagrams is entirely in error. The difference in 
the character of the diagrams i Is peculiarly striking, because t the author disposes Re 
four parameters, that is, of av virtual third-degree parabola, which fact eleva 
would have permitted a ‘selection of a diagram of the type given by Mr. Barnes. | There 
‘This difference cannot be explained by stating that Mr. -Jakobsen’s s Fig. the b 
_ represents: conditions at the base of the profile studied by Mr. Barnes, while In thi 
Mr. Barnes’ diagram ref refers to a horizontal section of the he profile at the le level of ; Besid, 

one-twentieth of the height. In fact, owing to the ‘special structure of the be see 
"stress system, introduced by Mr. Jakobsen, 6 = rf (B), his diagram retains the sti 

: its character of | a second- degree curve in all horizontal sections of the profile, | m 

@ 
and thus, also, i in the section considered by Mr. Barnes, as shown in Fig. 33. a _ Th 
aper by Wolf, ublished in 1914,?7 introduces a method which gives | V@ntag 
results that are considerably superior to those obtained by Mr. J akobsen. 4 load a 
| deals with a perfectly elastic ‘stress system, and also takes i into con- | stresse 
sideration, at least to a certain extent, the interaction between the dam and a tent 

After having pointed out the {imperfections of the 1¢ author’s analysis, th the | ‘on ba 
writer wishes to explain, briefly, how the same method of Ritz may 3 yield satis. .. (The 
¥ factory results if properly applied. paige elastic’ 
effect. of interaction between the dam itself and. a limitless kn 
must be taken into consideration. _ Furthermore, the water pressure acting Equati 
directly on the bottom of the > Teservoir will have considerable influence on the difficul 
- deformation of the foundation and, ‘consequently, it will effect the stress ee analy a 
ta tion in the dam, especially i in the more important lower elevations. Hence, prescril 
the principle of least work must be applied to the entire structure a a unit, the des 
including not only the dam, but also the limitless foundation upon which it includi 
- stands. . This phase of the problem must b be considered in evaluating the some ir 
The of least work provides for the selection ofa stress system from 

a given ‘group which selection represents t the best approximation to the true CR 
§ stresses. In other words, the average of the differences between the true stresses ‘ie ier: 

and the selected ones in all - points of the dam, is smaller than the average of Sup 1 
the differences | between the true stresses and those determined by any other 
is possible, however, that in certain. isolated the profile such 
differences between true and the selected stresses may be considerably 

"greater than those between the true stresses and the stresses determined by Siro 
some othe unselected system of the | given group. The stress system selected Sine 
“by the principle of least work will supply the best average approximation to di rl, 

the actual stresses; but it may also supply results. that represent the actual Th 
stresses “much less. ‘correctly in | certain parts of the profile: (as, for example, — 


along the base) than some or many others of the | systems | that were’ not 80 


evaluates 
Computi 


“Zur Integration der Gleichung 0 =0 im Falle des Staumauer 
Problems,” ener der Kaiserlichen Akademie der Wissenschaften A 
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tively, designers are not so much interested i in conditions at pee higt 


“elevations, but rather in the lower parts of the « dam, especially along the base. a 


‘Therefore, the writer | proposes t to use parameters referring to the points of 


the base only. San tentative stress system will be. applied only on the base. 


seen the ‘The author every ‘point of the profile 
the stresses which, in reality, should b be det determined, while the writer prescribes — 


The assumption of tentative stresses along the base has still another 


| vantage, namely, t that the actual elastic stress system corresponding to a certain Bie. era ; 


load and boundary stress is ; absolutely fixed ; ; hence, there are no 0 indeterminate = 


stresses to be encountered in the interior of the section. On the other hand, a 14 ha 


a tentative stress distribution with four or five parameters may be expected — 
to furnish that agree quite closely with the actual stress condition 


remaining ng problem i is to determine, according to the 
elasticity, the stresses in the interior if the load and the stresses along the base 


are known, since these | values. must be substituted in their ‘proper place in 
Equation © (91), i in order to | compute the work of deformation. a. This is a ve very ca: 
difficult problem, even when en boundary conditions are most ; simple. To : solve 2: 


analytically for the m more ‘complicated systems of normal and shearing : stresses 


prescribed | along g the | base would appear to be almost brand ——. 


the design of gravity dams is not limited to triangular s sections. - Other shapes, 


including that cannot be treated analytically, should analyzed by 


In his research w work the writer reached “stage beginning o 


19 27, ar 


nd 3 reported on it to J. L. Savage, M. Am. Soc. C. E. , of the U. ~ 


ig along the base “gay This load will cause cena in the interior of the 


Wil 


section and the work of the deformation will be as expressed in Equation (88). 
| However, the work performed by the interior stresses is equal to that performed 


by the load. On the other hand, the work performed by the load (that is, by - 


a group of forces), is measured by the : sum of products formed by the single ws 


forces and the displacement of San points of application in their - various 


These deflections may be determined experimentally by the use of on 


dastic. and thus s the work: a trial set forces 


Computing the work performed tag every individual unit of a ‘competing | 
err system, both i in the d dam itself and i in the limitless half plane that represents 7 


the foundation, the particular stress system that involves the least work will be ee 
selected. 
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> 


M. Howe,!* M. ‘Am. Soc. C. E.—Texas land-line location is so interwoven 
with Texas land law that the surveyor or engineer who depends upon the ules 


of the U. S. General Land Office will soon be > completely lost. Some one has 


said that “land su surveying is an art and not a science” : and if this | applies © 


‘The earliest surveys were so o placed 2 as to give vipewion rights and formed a 


border along the principal streams with their back lines serrated | so as to be 
roughly parallel to the course of the stream. a. The | later surveys, to fill the 
‘unappropriated: areas, tie into” the riparian grants and make the land 
look like an old -fashioned erazy quilt. As the early work was poorly done, — 


with corners and lines inadequately marked, or frequently not marked at all, 


the fill-in work often laps over or fails to reach the earlier lines. . When the 
first surveys were made the land had values of less than $1 per acre, and 
scarcely mora than that for the later fill-in tracts. In — — 
was carelessly done and courses were only approximate. ws “geienat-ena 


par The Texas law requires 3 that precedence be given to senior surveys, a 


many of the conflicts in title | are due to failure or inability” of the later — 
veyors to identify the earlier lines. Theoretically, the surveyor should be able — 


to. re- e-locate: them by giving the senior their distances and thus retrace 


for the and not the sovereignty soil, ie can under- 
stand that many of the early grants have lines on the ground considerably 

longer than the distances called for in the patent, and it is these lines that 

hold and not the ones s called for in the field notes. _ 
Unfortunately, one has to ‘contend not only uncertainty of f distance, 


but also with uncertainty of course. North in Texas is seldom true north. 
The early surveyors, or at least most ¢ of them, k 


ilowanes to itly one will find well identified 
lines of surveys in the same county, each calling for the same course, but put 


Norg.—The paper by B. F. Williams, M. Am. Soc. C. E., was presented before the 


hg of the Surveying and Mapping Division, Dallas, Tex., April 25, 1929, and published in 
November, 1930, Proceedings. This discussion is printed in Proceedings in order that the © 
Be expressed may be brought before all members for 


Cons, Engr. (Howe & Wise), Houston, Te 


— 
— 
— 
— 
— 
— 
j 
precedence over both course and distance. Therefo 
eys are in conflict, the junior 
——— 
ates 
— 
— 
T 


ON RELOCATING LAND SURVEYS IN TEXAS Discussions 


in by different surveyors 3s and v varying by as much as 5° from each other. ‘Whee 


J the work of different surveyors comes together, the , result is 3 what a a facetious 
- judge once termed the “Texas rectangle”, which he defined as -a “rectangular 
eo parallelogram, no two sides of which are the same length : and no angle of 
which is a right angle”. far as the ‘speaker. knows s, no ‘attempt: ‘was ever | 
4 ; Bey made to al allow for earth | curvature, and the e change in length be between meridians 
a are, . due e to curvature has to be absorbed in errors in course or distance. ‘This, 
ae »is a minor matter, | as the errors in execution of ‘the work are 


sufficient to make curvature corrections negligible. 


In his | closing paragraph the author states that the duty of surveyor 

is to find and 1 report the facts, and that his duties do not require him to become 

. an advocate. | This is true if he is working for the State or qualifying as a 

$ witness, but v when he is employed | by a land owner, his employer expects to be 

shown the outline of his property and the surveyor is supposed to have 


sufficient skill to . determine these lines. The land owner wants, to know the 


re number of acres ‘te which he has title, pa what lines he can sustain on the 


‘The ‘surveyor, therefore, must have a working knowledge of the oe 


f Texas land law. He must decide in the field, without: legal advice, 
hether he should follow a well: marked, apparently well ‘recognized, 
crooked line or connect the two corners with a straight line. When calls are 
=e os inconsistent with measurements on the ground, he must know which calls he} 
should change. _ Where fencing is found he | must know what | weight to give 


to it as fixing ‘the line, and this involves an -acquaintanceship with the 8, 5, Bet a0 


and 10-year limitation laws and the decisions interpreting them. His suc- 
a 
cess as a surveyor depends upon his ability to to place 1 the lines s so tl that t they w will be : allan: 


lines for r restoration of corners and other purposes. 
Tt is made plain that the official survey and plat are the means consti- 
tuted by law for the identification and description of the public lands 
_ the State of Texas as well as within the Federal domain. _ The locations are 
controlled by the established o1 original monuments, and the difficulties of the sur 
veying procedure greatly increase when the monuments disappear. The diffi 


™ ‘culties become complicated in the event of unexpected discrepancies between 


D. Kiwper, Am. Soc. C. K. (by letter). 15¢__ —The important . 
observations to be noted in this ‘paper are the great need for durable survey 
ag ‘monuments, for a complete field-note record of the surveys, and for experience| Be yan 
ea ‘in the work. The need is ‘present both with reference to the establishment oe 4, 
original boundaries and sub- divisions, and in making» yetracements of 


‘Rint 
field- note record and the evidence of the survey to be found upon the ground = 
author has not overstressed the need for extended experience in meeting 
practical questions which are to be dealt with, the scope of which could 


sutmainl work described may well be emphasized; dilibi conditions, with thei 


iii 


in making restorations, are encountered in localities 
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